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ABSTRACT 

The  diffusion  of  tine-varying  magnetic  fields  through  conductors 
is  examined,  and  the  quantitative  results  are  applied  to  pulsed  solenoids 
to  obtain  the  axial  magnetic  fields  produced  by  these  devices.  Based 
upon  these  results  a  design  procedure  is  established  for  simple  pulsed 
solenoids.  A  trial  design  and  its  experimental  results  are  presented 
for  comparison  with  the  theory. 
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I.  INTRODUCTION 

Experimental  requirements  for  large  magnetic  fields  impose  major 
difficulties  which  are  increased  if  high  precision  or  field  uniformity 
is  required.  Continuous  magnetic  fields  on  the  order  of  i00,000  gauss 
are  conventionally  produced  by  large,  heavy  field  coils  or  by  expensive 
superconducting  magnetic  systems.  Field  coils  present  cooling  problems, 
and  the  working  volume  of  superconducting  magnets  tends  to  be  small  and 
relatively  inaccessible.  If  the  magnetic  field  is  not  required  for  continuous 
measurements,  an  attractive  possibility  is  a  pulsed  solenoid.  This  device 
has  a  ratio  of  total  volume  to  working  volume  as  desirable  as  the  super¬ 
conducting  magnet,  but  the  working  volume  can  be  large  since  elaborate 
cooling  is  not  required.  In  addition,  a  pulsed  solenoid  is  readily  designed 
and  inexpensively  fabricated  if  extreme  field  uniformity  is  not  required. 

One  disadvantage  of  a  pulsed  solenoid  is  that  when  metallic  vessels  are 
placed  within  the  field,  because  the  magnetic  field  is  time  varying, 
electric  fields  are  induced  that  produce  currents  in  the  conductors. 

These  currents  in  turn  produce  a  magnetic  field  opposing  the  original 
field,  which  means  the  net  magnetic  field  within  a  metallic  vessel  is 
less  than  one  would  expect  for  a  d-e  solenoid.  These  effects  can  be 
described  by  a  diffusion  process  of  the  magnetic  field  or  in  terms  of 
the  "eddy  currents"  familiar  in  the  electrical  power  field.  This  report 
examines  this  reduction  of  the  magnetic  field  within  pulsed  solenoids 
and  gives  quantitative  results  useful  for  designing  them. 


-1- 


II.  THEORY  OF  MAGNETIC  FIELD  DIFFUSION 

This  section  describes  the  diffusion  of  pulsed  magnetic  fields  through 
metallic  vessels  placed  -within  a  solenoid.  In  all  cases,  the  solenoids 
are  idealized  ones  in  which  end  effects  are  neglected;  i.e.,  solenoids 
are  assumed  to  be  infinitely  long  as  are  the  metallic  vessels.  The  object 
is  to  determine  the  relationship  between  the  thickness  of  the  metallic 
vessels  and  the  resultant  decrease  of  field  within  these' vessels. 

A.  DIFFUSION  BiUATION 

The  expressions  governing  magnetic  field  behavior  may  be  found  from 
Maxwell%  curl  equations: 

VxB  =  pi+pe  (1) 

Vx  B  =  -  -£!'  .  (2) 

Consider  linear,  homogeneous,  and  isotropic  media,  where  the  conduction 
current  density  is  related  to  the  electric  field  by  Ohm's  law, 

i  =  a  S  .  (3) 

Finally,  consider  metallic  media  where  the  conductivity  is  sufficiently 
large  that  the  displacement  current  can  be  neglected  with  respect  to  the 
conduction  current;  i.e., 
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With  these  assumptions.  Equations  (1).,  (2),  and  (3)  may-  be  combined  to 
give: 


where  the  nomenclature  indicates  that  each  of  the  field  quantities  satisfies 
Equation  (5)  separately.  Equation  (5)  is  recognized  as  the  standard  form 
of  a  diffusion  equation  and  will  adequately  describe  the  field  behavior 
within  good  conductors  at  least  to  millimeter  wavelengths. 

The  stands  d  wave  equation  is  appropriate  for  the  electric  and  magnetic 
fields  in  regions  outside  of  the  conductors  where  the  conductivity  is  zero. 
Here,  however,  the  discussion  is  limited  to  the  case  where  operating 
frequencies  are  sufficiently  low  and  physical  spacings  in  the  transverse 
direction  are  sufficiently  small  that  a  finite  velocity  of  propagation 
need  not  be  considered.  Thus,  for  regions  outside  of  conductors,  the 
following  expressions  apply: 


All  that  remains  is  to  solve  Equations  (5)  and  (6)  subject  to  the 
appropriate  boundary  and  initial  conditions  of  interest.  Since  this  is 
to  apply  to  pulsed  magnets,  it  is  the  transient  phenomena  rather  than  the 
steady-state  phenomena  that  are  of  interest.  With  this  application  and 
the  fact  that  Equation  (5)  is  a  partial  differential  equation  in  time 
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and  space,  the  solution  of  these  expressions  is  most  simply  accomplished 
by  a  Laplace  transform  in  tine,  thus  let 


(7. a) 


(7.b) 


oo 

e“pt  1  dt.  (7-c) 

With  the  initial  conditions  t‘ ,at  all  field  quantities  are  zero  at  and 
before  t  =  0,  the  field  equations  reduce  to 


in  conducting  regions  and 


(8.  a) 


(8.b) 


B.  SOLUTIONS  FOR  RECTANGULAR  GEOMETRY 

It  is  instructive  to  consider  first  a  very  simple  geometry  for  the 
pulsed  solenoid  configuration,  so  that  the  mathematics  is  fairly  simple. 
Once  the  behavior  in  a  simple  system  is  understood,  it  is  readily  extended 
to  more  complex  (and  more  realistic)  situations. 


The  first  structure  considered  is  she an  in  Figure  1.  A 


netal  slab  of  thickness  2T  is  placed  nidvay  ceiveen  two  infinite  current 
sheets  located  as  shewn.  The  syscen  has  mechanical  symmetry  aboet  x  =  0 
and  is  infinite  in  extent  in  both  the  y  and  z  directions.  Jh  this  sysiex 
of  rectangular  co-ordinates,  Equation  (3)  hecooes 


where 

Tz  =  wp  . 


(9-b) 


(10) 


The  field  quantities  are  related  to  each  other  by  the  following  expressions: 


■  ^  =  -pg  (11. a) 

dx  2 


_z  =  -  poe 
dx 


(n.b) 


-5- 


Figure  1.  Schematic  Structure  of  Simple  Pulsed  Solenoid  System  in 
Rectangular  Co-ordinates. 

The  solutions  of  Equations  (9)  and  (11)  are  easily  found  as  follows 
(the  x,  y,  z  subscripts  are  now  dropped,  and  the  subscripts  1,  2  added  to 
denote  quantities  in  regions  1  and  2  shown  in  Figure  1): 


for  T  <  x  <  a: 


U3-=0 


4  =  ° 

c,  =  -pC  +3  (13.0) 

g,  =  e  (13.C) 

In  Equations  (12)  and  (13)  the  quantities  1,  3,  C,  D  are  constants  of  inte¬ 
gration.  These  constants  are  found  from  tire  boundary  conditions  for  the 
continuity  of  tangential  field  components  across  the  boundaries.  Also, 
freer  syr— etry  considerations  it  is  clear  that 

h  =0 

x  =  0 

from  amch  A  =  -  B.  If  ve  denote  the  Laplace  transform  of  iQ(t)  cy 

then  the  discontinuity  in  magnetic  field  at  x  =  a  is  related  to  the  forcing 

current  as 


(1*0 


Finally,  equating  "Equations  (12c)  and  (L3c)  establishes  the  constants  A 
and  B,  so  that  the  magnetic  field  within  the  conductor  is  given  by 


32  =  W0  cosh  ('IT T)  . 


(15) 


The  axial  magnetic  field  as  a  function  of  time  is  given  by  the  inverse 
transform  of  Equation  (15) •  A  general  solution  could  be  obtained  if  the 
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inverse  transfers  is  denoted  by  g(i). 


1 

g(t)  =  2nd 


coshCT^c) 

cosMt?) 


dp  ;  (16) 


the  a  the  magnetic  field  can  be  expressed  as  the  convolution  integral 


3(t)  = 


iQ  (t  -  u)  g(u)  du 


(17) 


This  expression  is  convenient  for  any  waveform  considered  for  iQ(t),  and 
the  integrations  are  readily  carried  through  for  this  simple  example. 

Later  examples,  however,  have  sufficiently  complex  inverse  transforms 
g(t)  that  it  is  simpler  to  calculate  the  magnetic  field  directly  from 
equations  corresponding  to  Equation  (15)  for  each  waveform  considered  for 
iQ(t)  rather  than  to  make  use  of  the  convolution  integral  in  Equation  (17). 
Thus,  for  purposes  of  comparison  with  later  examples  we  deal  with  Equation 
(15)  directly  in  this  case. 

Consider  a  rectangular  current  pulse,  of  height  I  and  width  tQj  then 

j„(P)  »  J2  (1  -  =  )  (18) 


and  from  the  inverse  transform  of  Equation  (15)  at  x  =  0; 


s2(t)  =  m0 


00 

2  y  <-*>n 

tt  (rtf-1) 

n=0  2 


-(itf-l/2)2  n2t 
poT2 


0  <  t 


(19) 
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3  Ct)  -  r(t)  -  f(t-t ) 

4  O 


where  i(i)  is  given  qy  the  expression  in  Equation  (19)-  If  vs  denote  a 
characteristic  ire-men cy  ior  this  rectangular  poise  jd,  «nsre 


t  =  — 
o  J 


then  Equation  (19)  becomes 


32(t)  = 


!-i  y  ^ 

*- —  (iH1!) 


n  =  0 


e  2 
a 


a3  t 

•n  /_) 

a  +  / 


2  t 


b  (22) 


where 


T  .  1 

o  ’  v/~] 


The  quantity  6  is  recognized  as  the  51  skin  depth"  for  the  particular  con¬ 
ductor  at  the  characteristic  frequency.  It  may  be  observed  that  the 
expression  in  Enuation  (22)  does  not  converge  rapidly  for  small  values 
of  t  or  large  values  of  a.  Another  formibr  this  expression  may  be  obtained 
by  utilizing  the  Poisson  summation  formula,  which  results  in 


B2(t)  =  2Ho 


(-1)"  Srfc  .  (n  +  1  )  a 

L  2 


n=  0 


! 

t 
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vher e  f(t)  is  given  cy  Equation  (26) . 

Before  examining  the  past  expressions  to  see  the  behavior  of  the 
axial  magnetic  field  with  tine  and  the  thickness  of  the  conductor,  one 
should  consider  another  case  with  rectangular  geometry,  which  is  core 
realistic  than  that  just  considered  and  would  represent  a  Uniting  condition 
of  cylindrical  geometry  with  a  thin-shelled  metal  pipe  inserted  within  the 
solenoid.  This  case  in  rectangular  co-ordinates  is  shown  in  Figure  2. 

For  this  case,  Filiations  (12)  and  (13)  describe  the  fields  in  negions  1 
and  2,  while  the  fields  in  legion  3  are  described  by 

j^  =  0  (23. a) 


e3 


=  -  P  0  x 


(23.b) 


(23.c) 


In  these  equations  the  expression  for  the  electric  field  is  chosen  so  that 
it  is  zero  at  x  =  0. 

The  constants  are  again  determined  by  requiring  continuity  of  the 
tangential  fields  across  the  boundaries.  The  result  for  the  magnetic  field 
on  the  axis  at  x  =  0  is 


1 

coshCTl)  +  ( fcJsinhCTr) 


(29} 


This  expression  actually  describes  the  magnetic  field  for  the  complete 
region  inside  of  the  conductor  since  tne  field  is  constant  in  this  region, 
when  a  finite  prooagation  velocity  is  not  considered. 
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REGION 


Figure  2.  Schematic  Structure  of  a  Pulsed  Solenoid  with  a  Thin- Walled 
Conductor  in  Rectangular  Co-ordinates. 

For  a  rectangular  forcing  current  pulse  of  height  Iq  and  width  tQ, 
Equation  (18)  applies,  and  the  inverse  transformation  of  Equation  (29) 
yields 


B3(t)  =  »*0 


1-2 


(30) 


r_  ■  <3- 

cv*-  ,  - 


where  the  quantity  an  is  given  by  the  transcendental  equation, 


tan  (anir)  = 


V1  (t) 


(31) 


The  nomenclature  here  has  been  chosen  so  that 


lim 

n  — — *  oo 


an  =  n  , 


If  the  width  of  the  conductor  is  much  larger  than  the  wall  thickness; 

i.e.,  C  >  >  1,  then 
T 


a  tt 
n 


2=nn  + 


Cnn 


n  j’  0 


V: 


rT 

G 


For  these  conditions  Equation  (30)  is  approximated  by 


B3(t)^^Io 


_  1JL  (L.) 

C  r,  2  Kt  - 

1  -  e  2lt  0  -2 


oo 


T  (-Dn 


-  n2rr*  /  t  \ 

k  t  ; 

2  ° 
2a 

2~2~C 
n.  n  | 


(32) 


The  results  for  the  hollow  conductor  for  the  second  current  waveform, 

a  half-sine  wave,  are  not  presented  here.  These  are  sufficiently  complicated 

that  it  does  not  seem  worth  while  to  develop  them,  especially  since  no 

qualitatively  new  phenomena  arise  over  those  exhibited  by  the  solutions 

in  Equations  (22),  (26),  and  (30).  If  it  should  be  desirable  to  calculate 

the  axial  magnetic  field  in  this  case,  one  need  only  combine  Equations  (24) 

and  (29)  and  calculate  the  inverse  transform. 
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Figure  3*  Axial  Magnetic  -Field  Versus  Time  for  Rectangular  Current  Pulse 
for  Rectangular  Geometry. 

A  typical  plot  of  the  axial  magnetic  field  for  the  rectangular  current 
pulse  is.  shown  in  Figure  3*  For  this  current  pulse,  the  magnetic  field 
is  always  a  maximum*  at  t  =  tQ;  i.e,,  at  the  end  of  the  pulse.  Thus  on 
this  basis,  the  variations  of  the  maximum  magnetic  field  for  both  the  solid 
and  hollow  conductors  is  shown  in  Figure  4.  In  this  figure  the  magnetic 
field  is  normalized  to  pIQ,  which  is  the  value  that  would  apply  under  d-c 
excitation  of  the  solenoid.  The  case  of  the  half-wave  sine  current  pulse 
is  considered  in  detail  in  the  next  section  where  cylindrical  geometry  is 
© 
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treated 


a  .CONDUCTOR  THICKNESS  RELATIVE  TO  SKIN  DEPTH 

Figure  4.  Relative  Peak  kp.al  Magnetic  Field  as  a  Function  of  Conductor 
Thickness  for  Rectangular  System. 

C.  SOLUTIONS  FOR  CYLINDRICAL  GEOMETRY 

The  use  of  cylindrical  geometry  in  describing  a  pulsed  solenoid  system 
is  much  more  realistic  than  the  rectangular  geometry  of  the  preceding 
section,  but  the  arithmetic  aesociated  with  the  cylindrical  geometry  is 
far  more  complicated.  The  results  of  the  preceding  section  provide  a 
useful  guide,  however,  to  the  behavior  that  should  be  expected.  Certainly 
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Figure  5*  Schematic  Structure  of  a  Simple  Pulsed  Solenoid.  System  in 
Cylindrical  Co-ordinate s . 

the  same  basic  expressions  in  Equation  (8)  apply,  and  we  again  assume 
nonmagnetic  conductors  and  an  ideal,  infinitely  long  magnet  system  that 
is  finite  in  the  transverse  direction. 

Let  us  first  examine,  a  solid  conductor  system  as  shown  in  Figure  5. 
Assuming  circular  symmetry,  the  expressions  corresponding  to  Equations  (9) 
(10),  and  (11)  that  apply  are  as  follows: 


D3.b) 


”  *■  ' 

V 

=  0  D3.b) 

H 

-  f 

F2 V"r*. 

(3^.a) 

i  ^ 

(3^.b) 

where 

t2  =  W  f 

(35) 

Appropriate  choice  of  the  conductivity  cr 

makes  it,  possible  to  distinguish 

between  fields  internal  and  external  to  the  conductor. 

Following  tho  nomenclature  and  procedure  of  the  preceding  subsection 

gives  two  equations.  For  0  <  r  <  T: 

%■-  f-h  (rr) 

(36.a) 

*2  =  o^F  I1 

(36.b) 

h  =  A  I0(  Cr) 

(36.c) 

where  solutions  involving  the  modified  Bessel  function  of  the  second  kind 
are  omitted  because  of  a  pole  at  r  =  0.  For  T  <  r  <  a: 

(37. a) 


4  =  0 
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■V 


t 

if 


iCxD 

*1  “  ~  F  ~2  +  r  * 

(37 -b) 

(37 -c) 

Again,  fron  the  bounds rj  coeditions  for  tbs  field  within  the  conductor, 
one  obtains 


I0Cfr) 


OB) 


which  should  be  conpared  with  Equation  (15)  for  the  rectangular  case. 

For  the  rectangular  current  pulse,  Equation  (18)  applies,  and  the 
inverse  transform  for  the  axial  nagneiic  field  readily  gives 


,  0  <  t<  tQ  (39) 

B2(t)  =  £(t)  -  f(t  -  to),  t  >  to  {ho) 

where  f(t)  is  given  by  Equation  (39).  The  new  quantity  bfi  appearing  in 
these  equations  is  defined  by 


V°  =  *0 


CD 


1-2 


I 


,2 
d  n 

n  t 

*  T2<r> 

e  2a  o 


b  J..  (b  ) 
n=l  n  l'  n 


and 


W  ■  °- 
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n  =  1,  2,  ... 


(*1) 


SjaatioQ  (39)  should  be  cospared  directly  vita  the  equivalent  fora  for 
rectangular  geometry  given  by  Equation  (22) .  An  expression  comparable 
to  Equation  (23)  that  converges  rapidly  for  snail  values  of  tine  is  not 
readily  obtained  directly  iron  Equation  (39) »  since  the  Poisson  soanation 
formula  is  not  easily  applied. 

If  a  half- sine- wave  current  pulse  is  asserted.  Equation  (24)  applies, 
and  gives  for  the  axial  magnetic  field 


Wien  the  imaginary  part  is  taken.  Equation  (42)  becomes 


B2(t)  =  dIQ 


+  4  a 


fcerQ(a  >^)sin(wt)-beio(a  /2)cos(»t) 
ber^(a  \/2)  +  bei^  (a  /Z) 


(43) 


vtfiere 


Io(a/2i)  =  berQ(a/2)  +  i  beiQ(a/2) 


m 
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Figure  6.  Schematic  Structure  of  a  Pulsed  Solenoid  with  a  Thin-Hailed  - 
Corjductor  in  Cylindrical  Co-ordinates. 


The  result  in  Equation  (42)  applies  for  0  <  t  <  tQ,  whereas  for  t  >  tQ 
the  form  for  Equation  (27)  applies. 

A  pulsed  solenoid  system  with  a  hollow  conductor  is  shown  in  Figure  6 
The  solution  for  this  system  for  the  axial  magnetic  field  becomes  very 
complex  in  detail,  but  the  form  of  this  solution  is  readily  established. 

For  region  1  where  b  <  r  <  a,  Equation  (37)  expresses  the  field  transform. 
In  region  2,  for  C  <  r  <  b,  one  obtains: 


•FfAIl(tr)  -BKj.  (Tr)1 


(45. a) 


3 


e2  =  -  ( A  I, 

2  o|*  1  1 


(fr)  -  BKa  (fr) 


) 


02  =  AIq(  fr)  +  BKo  (fr)  ; 


In  region  3,  for  0  <  r  <  c,  one  obtains: 


J3  =  0 


(45,b) 


(45.c) 


-P|G 


03  =  G 


(46,a) 
(46, b) 
(46.c) 


Again  using  the  boundary  conditions  that  the  tangential  field,  components 
are  continuous  across  the  boundaries,  we  find 


b =  "< 


yfcjl^Cfc)  +  I1('Tc)K0(,rc)]'r/to  _  (4?) 

bcosh  (t'T)  +  (4^  )  bsinh  (fT) 


In  this  expression  the  Bessel  hyperbolic  sine  and  cosine  functions  are 
as  follows: 


.a) 


bcosh 

’t(b-o)‘ 

=  Ti be 

'i0crb)K1(rc)+  i^-rcjKjrbj 

bsinh 

'  T(b-e) 

=  f/bc 

’io(rb>Ko(ro)-  io(rc)Ko(rbj 

(48. b) 

In  the  limit  of  large  arguments,  the  Bessel  hyperbolic  sine  and  cosine 


% 


functions  asympotically  approach  the  circular  hyperbolic  functions. 
Also  for  large  arguments  the  numerator  of  Equation  (47)  approaches  one 


Thus,  for  a  hollow  conducting  cylinder  with  a  large  diameter,  Equation 
(47)  approaches  the  form  of  Equation  (29)  from  the  rectangular  geometry 
solution. 

The  time  behavior  of  the  axial  magnetic  field  from  Equations  (39) 
and  (40)  for  the  cylindrical  case  with  solid  conductor  is  very  similar 
to  that  for  the  rectangular  case  illustrated  in  Figure  3$  that  is,  the 
maximum  magnetic  field  still  occurs  at  the  end  of  the  current  pulse  for 
the  rectangular  current  pulse.  A  comparison  of  the  maximum  axial  magnetic 
fields  between  the  solid  cylindrical  and  rectangular  cases,  for  a  rec¬ 
tangular  current  pulse  is  shown  in  Figure  ?.  The  corresponding  results 
for  the  hollow  cylindrical  case  from  Equation  (47)  have  not  been  calculated 
The  small  amount  of  additional  information  obtained  from  this  expression 
does  not  seem  to  warrant  the  gross  additional  complexities  in  calculating 
the  inverse  transform.  It  is  expected  that  the  peak  axial  magnetic 
field  for  this  situation  will  decrease  about  as  rapidly  compared  to 
the  cylindrical  solid  case  as  for  the  corresponding  situation  in  rec¬ 
tangular  geometry  shown  in  Figure  4. 

Finding  the  peak  axial  magnetic  field  for  the  half-sine-wave  current 
pulse  is  not  as  simple  as  for  the  rectangular  pulse,  since  the  field 

peak  is  delayed  from  the  current  peak.  In  addition,  the  amount  of  delay 
is  a  function  of  the  conductor  thickness  measured  in  terms  of  the  skin 
depth.  A  few  plots  of  the  time  behavior  of  the  axial  field  for  the  solid 

conductor  from  Equation  (43)  are  shown  in  Figure  8.  Figure  9  shows  a 
comparison  between  the  rectangular  and  half-sine-wave  current  pulses 

for  the  solid  conductor  in  cylindrical  co-ordinates. 
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a,  CONDUCTOR  THICKNESS  RELATIVE  TO  SKIN  DEPTH 

Figure  7«  Comparison  of  Axial  Magnetic  Fields  for  Solid  Rectangular 
and  Cylindrical  Geometries, 


It  is  interesting  to  observe  from  Figure  8  that  the  axial  magnetic 
field  is  initially  negative  for  sufficiently  thick  conductors.  This 
simply  means  that  for  a  given  conductor  thickness  and  for  a  fast  enough 
rise  time  for  the  primary  magnetic  field  produced  by  the  current  pulse, 
the  secondary  magnetic  field  produced  by  the  integrated  effects  of  the 
induced  currents  is  momentarily  larger  than  the  primary  magnetic  field. 
The  range  of  conductor  thicknesses  for  which  this  occurs  may  be  found 


CURRENT  PULSE 


Axial  Magnetic  Field  versus  Tine  for  Solid  Cylindrical  Conductor  with 
Half -Sine-Wave  Current  Pulse. 


a  ,  CONDUCTOR  THICKNESS  RELATIVE  TO  SKIN  DEPTH 

Figure  9.  CcaparUon  Between  Current  Waveform*  for  Axial  Magnetic  Flald 
of  Solid  Cylindrical  Conductor. 

from  Equation  (43).  The  series  in  this  equation  is  alternating  since 
J^(bn)  an  alternating  function.  In  addition  the  magnitude  of  the 
individual  terms  is  monotonically  decreasing.  Vlhen  the  magnetic  field 
is  negative  near  t  =  0,  the  derivative  will  also  be  negative;  and  for 
positive  fields  the  derivative  will  be  positive.  Thus,  an  estimate  of 
the  value  of  a  required  to  obtain  a  momentary  negative  field  is  found 
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'  t,: 


f 
{ 

by  setting  the  derivative  of  Equation  (43)  equal  to  zero,  and  using  only 
the  first  tern  of  the  series;  giving 

h^o  (avr)  2  n  b^ 

ber^  (a/2)+  bei^(a/2)  J^hjKb^  +  4aS  * 

(49) 

o 

•  s.i 

<  and  therefore,  a  =  T/fi  ^  1.1.  For  this  and  larger  values  of  a,  the 
axial  Magnetic  field  is  initially  negative. 

D.  DIFFUSION  EFFECTS  IN  SOLENOID 
In  all  the  models  of  the  pulsed  solenoid  system  examined  so  far, 
the  assumption  that  the  pulsed  solenoid  itself  could  be  represented  as 
a  current  sheet  has  been  used.  However,  if  the  solenoid  is  sufficiently 
thick,  the  magnetic  field  produced  must  diffuse  through  the  metallic 
solenoid  to  appear  inside  the  solenoid.  The  decrement  in  axial  magnetic 
;  field  in  this  instance  will  not  be  as  serious  as  for  a  passive  conductor 
of  the  same  configuration  for  two  reasons: 
s  i*  *he  solenoid  is  not  solid  but  consists  of  layers  of  wire  or  tape 
!  with  insulation  and  air  gaps  between  layers. 

2.  The  magnetic  field  produced  by  the  outer  layer  must  diffuse  through 
the  entire  solenoid,  but  the  magnetic  field  produced  by  the  inner 
layer  must  only  diffuse  through  itself. 

The  effect  on  the  axial  magnetic  field  may  be  established  from  the 
preceding  results  in  the  following  v»ay.  Consider  a  solenoid  of  equivalent 


^2  .  ,(Q)  =  0  = 

dt 
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thickness  T  in  the  form  of  one  of  the  conductors  treated  earlier.  Suppose 

that  this  solenoid  has  no  passive  conductor  placed  on  its  axis.  Then 

the  pulse  current  per  unit  width  is  approximately  i  (t)/T-.  If  the  axial 

magnetic  field  produced  by  a  current  shell  of  i  (t)  is  denoted  by 

o  I 

B(t,T),  the  total  field  produced  by  the  complete  solenoid  is 

T 

Bg(t)  =  J  B(t,  u)  du  (50) 

o 

for  either  the  rectangular  or  the  cylindrical  geometry. 

To  provide  as  accurate  an  estimate  of  this  effect  as  possible,  the 
results  for  the  cylindrical  geometry  case  with  hollow  conductor  should 
be  used  in  Equation  (50).  As  discussed  briefly  in  Section  C,  however, 
this  case  is  so  complex  in  detail  that  the  calculation  was  not  performed. 
Of  the  other  cases,  perhaps  the  best  ones  to  consider  in  estimating  the 
diffusipn  effect  of  the  magnetic  field  through  the  solenoid  are  the  hollow 
rectangular  geometry  and  the  solid  cylindrical  geometry.  The  first  of 
these  treats  a  hollow  conductor  while  the  second  shows  the  effects  of  the 
cylindrical  geometry. 

For  the  hollow  rectangular  geometry,  consider  the  situation  where 
C/T  is  large.  Equation  (32)  describes  the  axial  magnetic  field,  and 
from  Equation  (50), 
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For  the  solid  cylindrical  geometry.  Equation  (39)  applies,  and 

B£(t)  =  „I0 


For  both  Equations  (51)  and  (52)  the  rectangular  current  pulse  was  used. 

A  comparison  between  the  results  in  Equations  (51)  and  (52)  and  those  for 
a  passive  conductor  is  made  in  Figure  10. 

E.  SUK-IARY  AND  EVALUATION  OF  CALCULATIONS 

The  behavior  of  the  decrease  in  the  axial  magnetic  as  a  function 
of  the  different  geometries  is  readily  explained  in  terms  of  the  induced 
currents  with  the  conductors  inserted  within  the  solenoids.  For  the 
rectangular  geometry  and  the  rectangular  current  pulse,  the  magnetic 
Acid  is  affected  the  least  for  the  solid  conductor;  then  as  the  width 
of  the  hollow  conductor  increases,  the  magnetic  field  decreases  further 
and  further.  This  is  readily  understood  by  realizing  that  the  induced 
current  in  the  solid  conductor  is  zero  on  the  axis;  whereas  for  a  hollow 
conductor  of  the  same  thickness,  the  induced  current  on  the  inner  wall 
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is  not  zero.  As  a  result  the  total  opposing  magnetic  field  produced  by 
the  induced  currents  is  larger  for  the  hollow  conductor  than  for  the  solid. 
A  similar  argument  applies  to  the  solid  and  hollow  conductors  in  the 
cylindrical  geometry. 

Comparison  of  the  solid:  conductor  cases  in  rectangular  and  cylindrical 
geometries  shows  that  the  magnetic  field  decreases  more  slowly  for  the 
cylindrical  geometry.  This  is  expected  on  the  basis  that  as  a  result  of 
the  curvature  in  the  cylindrical  geometry,  the  induced  current  decreases 
more  rapidly  towards  the  conductor  center  than  it  does  for  the  rectangular 
geometry.  This  same  behavior  should  be  evident  for  the  hollow  conductor 
cases  until  the  diameter  of  the  conductor  becomes  very  large  compared  to 
its  width.  In  this  event  the  curvature  at  the  conductor  is  only  sLight, 
and  there  will  be  little  difference  in  the  magnetic  field  calculated  from 
the  rectangular  or  cylindrical  geometry. 

An  estimate  of  the  decrease  in  magnetic  field  for  the  hollow  cylin¬ 
drical  conductor  can  be  obtained  for  the  rectangular  current  pulse  by 
scaling  the  results  in  Figure  4  to  those  given  in  Figure  7»  Such  scaling 
will  tend  to  give  a  low  estimate,,  since  in  the  limit  of  large  radius- to- 
thickness  ratio  (C/T)  both  the  rectangular  and  cylindrical  geometries 
will  give  similar  results,  as  discussed  in  the  previous  paragraph. 

The  results  for  the  half- sine-wave  current  pulse  follow  the  same 
trend  with  geometry  as  does  the  rectangular  current  pulse.  The  peak 
value  of  magnetic  field  for  a  given  peak  value  of  current,  however,  is 
slightly  smaller  than  for  the  rectangular  current  pulse  because  the  peak 


current  is  maintained  daring  the  rectangular  poise.  The  most  notable 
difference  is  in  the  lccg  time  delay  between  ins  current  and  magnetic 
field  peaks.  Of  secondary  interest  is  the  momentarily  negative  magnetic 
fields  for  sufficiently  thick  conducting  described  in  the  Section  C. 
Estimates  of  the  peak  magnetic  fields  for  the  hollow  cylindrical  conductor 
are  readily  obtained  ty  scaling  of  the  results  in  Figures  4,  7,  and  9® 

The  effect  of  magnetic  field  diffusion  through  the  solenoid  is  not 
nearly  as  serious  as  through  a  passive  conductor  as  illustrated  in  Figure 
10.  The  reason  for  this  is  discussed  in  Section  C.  A  rough  but  workable 
estimate  of  the  decrease  in  the  axial  magnetic  field  for  the  hollow 
cylindrical  geometry  can  be  obtained  by  applying  the  correction  shown 
in  Figure  10.  The  results  in  Figure  10  for  the  cylindrical  case  will  give 
a  low  estimate  because  of  the  solid  conductor. 

It  should  be  realized  that  a  complete  picture  of  the  axial  field 
behavior  in  the  cylindrical  case  even  for  an  infinitely  long  structure 
requires  one  step  beyond  those  presented  here.  A  hollow  finitely  thick 
solenoid  should  be  considered,  and  the  field  resulting  from  this  should 
be  used  as  the  exciting  field  for  the  expressions  in  Squations  (37) »  (45), 
and  (46).  The  resulting  expressions,  however,  are  very  complex  and 
unwieldly,  which  is  the  reason  for  the  piecemeal  approach  presented  here.. 
The  complete  problem  of  the  finitely  thick  solenoid  with  a  hollow 
cylindrical  conductor  is  perhaps  best  left  for  a  computer  solution,  where 
end  effects  could  be  included  if  desired.*  Without  resorting  to  a  computer 
solution,  the  simple  calculations  made  here  give  quantitative  results 
sufficiently  accurate  for  a  practical  design. 
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The  actual  design  of  a  pulsed  solenoid  is  straightforward,  but  it 
involves  a  little  trial  and  error.  The  exact  starting  point  depends 
on  'what  information  is  known  and  what  rast  be  determined;  e.g. ,  a 
particular  pulse  current  supply  say  already  be  available.  The  following 
quantities  are  pertinent  to  the  design: 

3  a  peak  axial  magnetic  field  desired, 

Bq  =  peak  axial  magnetic  field  for  d-c  excitation, 

N  =  number  of  turns  per  inch  for  the  solenoid, 

Iq  a  peak  solenoid  current  in  amperes, 
t  =  pulse  current  length, 

L  a  self-inductance  of  the  solenoid, 

C  a  equivalent  capacity  of  the  pulse  circuit, 

VQ  a  charging  voltage  for  the  pulse  current  supply, 

R  =  equivalent  series  resistsmce  of  the  pulse  circuit, 

£  =  natural  resonant  frequency  of  puls*  circuit, 

1  =  length  of  solenoid  in  inches. 

It  is  assumed  that  the  equivalent  circuit  of  the  solenoid  and  the  current 
pulse  supply  is  as  shown  in  Figure  11.  For  this  case  the  results  for 
the  half- sine-wave  current  pulse  are  appropriate. 

In  general,  the  design  procedure  is  as  follows.  The  peak  axial 
magnetic  field  desired  would  be  known  and  the  time  duration  of  the  pulse 
would  also  be  known  on  the  basis  of  the  intended  use  of  the  field;  that 
is,  only  a  small  region  of  the  magnetic  field  pulse  is  usable  depending 
on  the  requirements  for  field  variation  with  time.  Thus,  B  and  t  are 
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Figure  11.  Equivalent  Circuit  of  Pulsed  Solenoid  and  Power  Supply. 

fixed,  which  in  turn  fixes  the  resonant  frequency  of  the  circuit  in  Figure 
11  by 

f  =  2 F  *  ^3) 

o 

If  the  details  of  the  conductor  to  be  inserted. in  the  solenoid  are  known} 
i.e.,  dimensions  and  material,  the  decrease  in  the  peak  magnetic  field 
resulting  from  diffusion  effects  is  readily  estimated  from  Figures  4,  7» 
and  9«  As  an  aid  in  this  process,  the  skin  depth  as  a  function  of  frequency, 

«  =  ,  1  (54) 

y  nfpa 

ir  shown  for  copper  and  stainless  steel  in  Figure  12.  Then,  as  a  first 
estimate  10  -  15  per  cent  could  be  taken  as  the  decrease  in  magnetic  field 
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(55) 
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B  =  _ £ 

o  2 


Also,  the  self-inductance  of  the  solenoid  is  found  from  the  pokier  supply 
capacitance  by 


,,  -  £ 
2 

n  C 


(56) 


'Hie  peak  solenoid  current  is  related  to  the  charging  voltage  Vq  approxi¬ 
mately  as  follows: 


Rt 
_ o 

T  _  *  W 

I0«5  •  3 


(57) 


o  s 


where  it  is  assumed  that  the  circuit  resistance  is  sufficiently  small 
that  it  does  not  affect  the  resonant  frequency.  If  this  is  not  the  case. 
Equation  (53)  fixes  the  frequency,  but  Equation  (56)  must  be  replaced  by 


f  = 


(58) 


and  the  maximum  current  is  calculated  from 


-  Rt  V 

i  (t)  =  e  2L  (-tt)  sin  cut 

O  S  U)  jj 


(59) 


All  of  the  auxiliary  information  is  now  known  about  the  solenoid 
except  for  its  dimensions  and  number  of  turns.  The  turns  per  inch  N 
can  be  found  from  Equation  (55) »  and  the  self-inductance  can  be  related 
to  the  dimensions  (see  page  443  of  Reference  l)  as  follows 


Ls  = 


a2  N2/(  2  10" 6 

9a  +  10^  +  8.4T  +  3.2 
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Figure  13,  Dimensions  of  Pulsed  Solenoid. 

where  the  dimensions  are  defined  in  Figure  13 .  This  expression  applies 
where  the  coil  dianeter  is  less  than  three  tines  the  length.  A  trial- 
and-error  procedure  is  required  at  this  point  to  yield  a  consistent  set 
of  values  for  N  and  L  .  Once  this  is  done  the  results  in  Figure  10  can 
be  used  to  give  a  better  estimate  of  the  decrease  in  magnetic  field  result¬ 
ing  from  diffusion  effects  within  the  solenoid,  and  an  appropriate  change 
in  the  charging  voltage  VQ  can  be  determined. 

It  is  possible  to  increase  the  available  axial  magnetic  field  for 
a  given  coil  inductance  by  using  a  Helmholts  coil  arrangement.  In  this 
case  the  past  results  apply  except  that  the  total  inductance  of  the  two 
anils  in  series  must  account  for  the  mutual  inductance  between  the  coils. 
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The  coupling  coefficient  for  various  spacings  between  the  two  coals  is 
given  on  page  *<47  of  Reference  1. 

If  the  solenoid  is  to  be  operated  on  a  lew  duty  cycle  it  is  possible 
to  apply  very  large  peak  ptise  currents.  As  an  example,  peak  currents 
of  up  to  3300  amperes  have  been  applied  using  no.  34  copper  wire  for  a 
single-shot  solenoid.  This  is  twenty  times  larger  than  the  approximate 
fusing  current  for  this  wire,  listed  on  page  55  of  Reference  2. 

One  other  aspect  of  the  solenoid  design  which  has  not  been  considered 
is  the  mutual  inductance  between  the  pulsed  solenoid  and  the  conductor 
on  its  axis.  It  is  possible  to  calculate  this  effect  from  the  results 
of  Section  II,  where  this  appears  in  terms  of  an  electric  field  acting 
on  the  solenoid  to  produce  an  added  current  component.  However,  this 
effect  has  been  neglected  for  the  calculations  presented  here. 
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IV.  EXFSRIrlENTAL  RESULTS 

For  purposes  of  comparison  with  some  of  the  calculated  results,  a 
single  solenoid  was  constructed.  This  consisted  of  1 65  turns  of  no. 

14  enameled  copper  wire  wound  on  a  7/8-in.  bakelite  form.  The  wire  was 
wound  in  5  rows  to  give  a  total  winding  length  of  2.2  ini  The  nominal 
winding  thickness  was  0.335  in.  This  solenoid  had  approximately  a  one- 
inch  working  length  and  an  inner  diameter  of  3 A  in.  The  turns  per  inch 
were  calculated  as 

N  =  75  turns/in. 

The  inductance  for  this  coil  calculated  from  Equation  (60)  was  291  ph. 

This  coil  was  to  be  used  with  a  pulsed  power  supply  whose  nominal  capaci¬ 
tance  was  360  pf,  which  from  Equation  (58)  gave  a  ringing  frequency  of 
approximately  491  cps.  This  meant  a  half- period  duration  of  1.02  msec. 

The  resistance  of  the  coil  was  not  calculated  since  it  would  be  small 
compared  to  the  equivalent  power  supply  resistance,  for  only  low-Q  capaci¬ 
tors  were  available  for  the  supply. 

A  schematic  of  the  supply  used  for  testing  the  coil  is  shown  in 
Figure  14.*  The  rated  maximum  voltage  which  can  be  initially  applied  to 
the  storage  bank  is  3000  V.  A  special  feature  of  this  supply  is  the 
provision  for  quenching  the  output  current  at  the  end  of  the  first  half¬ 
cycle  of  oscillation,  so  that  the  output  current  does  not  simply  decrease 
to  zero  after  oscillating  for  a  number  of  cycles  at  the  ringing  frequency. 

This  circuit  was  designed  and  developed  by  D.  M.  Stevenson. 
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Figure  1U-.  Schematic  of  Pulse  Current  Supply  for  Pulsed  Solenoid i 
(Circuit  Designed  by  D.  M.  Stevenson) . 


The  pulsed  solenoid  current  was  monitored  with  a  series  resistance 
in  the  fora  of  a  stainless  steel  strap  with  appropriate  voltage  indicating 
points  attached,  with  a  d-c  bridge  the  resistance  of  this  strap  Detween 
indicating  points  was  measured  to  be  0.0129  Q. 

The  pulsed  magnetic  field  was  measured  with  a  small  search  coil 
attached  to  a  simple  integrating  circuit  as  shown  in  Figure  15.  Using 
the  measured  values  of  resistance  and  capacitance  gave  a  calibration 
factor  of  0.915  mv/kgauss  for  the  device.  It  should  be  observed  that 
the  integrating  circuit  should  have  a  time  constant  long  compared  to 
the  magnetic  field  pulse,  if  an  accurate  indication  of  the  field  pulse 
as  a  function  of  time  is  to  be  obtain*:  I.  For  the  circuit  in  Figure  15 
this  time  constant  is  approximately  0.1  sec,  which  is  much  longer  than 
the  0.001-sec.  field  pulse. 

An  estimate  of  the  degradation  in  the  peak  axial  magnetic  field 
can  be  made  as  follows.  Estimate  the  equivalent  thickness  of  the  solenoid 
windings  on  the  basis  of  the  cross-sectional  area  of  the  wires  alone; 
i.e.,  tne  area  given  'ey  considering  an  area  of  solid  copper  equal  to 
the  area  of  sun  of  the  r  *nd  copper  wires.  The  wire  diameter  for  no.  14 
wire  is  0.064  in.  Thus,  tfct,  ’oss-sectional  area  of  one-half  the  solenoid 
is 

A  =  5  (.064)21 65  =  0.531  in2. 

For  a  solid  mass  of  copper,  the  same  area  is  obtained  ’ey  a  thickness 
"'■'ten  by 

T  =  =  0.241  in. 
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where  the  winding  length  of  2,2  inches  is  used.  From  Figure  12  the  skin 
depth  for  copper  at  500  cps  is  approximately  0.120  in.;  therefore 

T 

7  =  a=  2.0 

0 

for  the  solenoid,  and 

T  07241  *  5  * 

With  these  parameters,  the  ratio  obtained  from  Figure  4  of  actual  to 
ideal  magnetic  field  for  a  passive  rectangular  conductor  is  approximately 
0.16.  If  this  is  scaled  to  the  passive  cylindrical  case  by  using  Figure 
7  this  ratio  becomes  approximately  0.41,  Then,  using  Figure  10  to 
estimate  the  affect  for  the  solenoid  rather  than  a  passive  conductor, 
gives  the  value  of  0.86.  These  values  are  for  a  rectangular  current 
pulse.  The  peak  magnetic  field  should  be  decreased  slightly  from  this 
value  for  a  half-sine-wave  current  pulse,  but  it  is  not  clear  that  this 
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should  scale  directly  from  Figure  9»  Consequently,  the  rough  estimate 
of  a  15  per  cent  decrease  in  the  peak  magnetic  field  from  ideal  conditions 
is  obtained  for  the  test  solenoid. 

After  the  preceding  simple  design  calculations,  the  solenoid  was 
prepared  for  testing.  Bakelite  end  plates  were  glued  to  the  central 
form  to  contain  the  wire,  and  the  loose  ends  of  the  coil  were  epoxied 
to  these  end  pieces.  This  simple  construction,  has- withstood  the  magnetic 
forces  experienced  by  the  coil  under  pulsed  magnetic  field  operation. 

To  check  the  inductance  calculation,  the  coil  was  measured  with  a  1000-cps 
bridge  and  the  series  inductance  was  299  ph.  This  value  was  about  2.7 
per  cent  higher  than  the  calculated  value  of  291  ph. 

Typical  data  for  the  solenoid  current  and  axial  magnetic  field  are 
shown  in  Figure  1 6.  The  pulse  length  is  approximately  10  per. cent  longer 
than  calculated,  probably  as  a  result  of  using  the  rated  capacity  rather 
than  the  measured  capacity  of  the  power  supply  for  the  calculations. 

From  the  data  in  Figure  16  the  peak  current  is  found  to  be  1630  a,  and 
the  peak  magnetic  field  is  50.2  kgauss.  For  this  peak  current  the  ideal 
magnetic  field  from  Equation  (55)  is  calculated  to  be  6l.l  kgauss.  Thus 
the  experimental  decrease  of  the  axial  magnetic  field  resulting  from  diffu¬ 
sion  effects  in  the  solenoid  is  found  to  be  17.8  per  cent  as  compared  to 
the  rough  theoretical  estimate  of -15  per  cent.  This  measurement  indicates 
that  the  scaling  techniques  used  to  obtain  the  theoretical  estimate  of 
the  decrease  in  the  magnetic  field  are  sufficiently  Accurate  for  design 


— 


purposes 


Another  simple  test  was  performed  with  this  pulsed  magnet  to  measure 
experimentally  the  effect  of  the  magnetic  field  diffusion  through  a  passive 
conductor.  A  hollow  brass  cylinder,  with  an  outer  diameter  of  0.75  in. 
and  a  wall  thickness  of  0.105  in.  was  inserted  in  the  solenoid.  Since 
the  resistivity  of  brass  is  approximately  3*9  times  that  of  copper  (p.45 
of  Reference  2),  the  ski'  depth  in  brass  at  500  cps  is 

6  =  0.12  Yi fl?  =  .237  in. 
and,  the  parameters  for  this  brass  cylinder  are 

- ■ T/6  ■  Ws =  oMy 


C  _  0.270 
T  0.105 


2.57  . 


From  Figure  4,  or  Equation  (30),  the  ratio  of  actual  to  ideal  magnetic 
field  is  0.9  for  a  hollow  rectangular  conductor.  Scaling  to  a  cylindrical 
conductor  by  means  of  Figure  7  shows  that  the  curve  for  the  cylindrical 
conductor  is  just  at  its  knee  for  this  value  on  the  curve  for  the  rectangular 
conductor  (an  equivalent  a  of  1.2  for  the  solid  cylindrical  case).  Then 
accounting  for  the  half- sine-wave  current  waveform  from  Figure  9  gives 
a  final  estimate  of  0.90  -  0.91  for  the  magnetic  field  ratio.  Thus, 
this  scaling  technique  gives  the  estimate  of  a  decrease  of  9  -  10  per 
cent  in  the  peak  axial  magnetic  field  for  the  test  solenoid  when  the 
brass  cylinder  is  placed  inside  the  solenoid.  From  the  discussion  of 


Section  II,  this  estimate  should  be  somewhat  conservative,  although  it 
is  not  known  by  how  much. 

Data  comparing  the  axial  magnetic  field  with  and  without  the  brass 
cylinder  is  shown  in  Figure  17.  The  peak  magnetic  field  with  the  brass 
cylinder  is  43.9  kgauss  which  corresponds  to  a  12.5  per  cent  decrease 
with  respect  to  the  field  without  the  cylinder.  This  compares  favorably 
with  the  conservative  theoretical  .estimate  of  a  decrease  of  9  -  ID  per 
cent..  The  data  shown  in  Figure  17  are  interesting  for  other  reasons. 
First,  the  current  waveform  when  the  brass  cylinder  is  inside  the  splendid 
is  markedly  skewed.  This  is  apparently  a  result  of  the  interaction  of 
the  conductor  upon  the  solenoid.  Also  the  axial  field  is  extended  in  time 
beyond  the  end  of  the  current  pulse,  and  the  magnetic  field  begins  with 
a  zero  or  slightly  negative  slope.  This  behavior  is  qualitatively  pre¬ 
dicted  in  Figure  8.  In  view  of  the  approximate  effective  value  of  1.2 
for  a  as  estimated  earlier  in  the  solid  cylindrical  case,  the  quantitative 
behavior  agrees  well  with  that  calculated.  The  delay  in  the  peak  magnetic 
field  with  respect  to  the  actual  current  peak  is  approximately  one  in 
5.5  parts,  as  shown  in  Figure  17,  while  the  delay  shown  in  Figure  8  is 
approximately  six  in  31 .4  parts.  Also,  from  Equation  (49)  the  value 
for  a  estimated  as  describing  the  transition  between  positive  and  negative 
values  for  the  magnetic  field  at  the  beginning  of  the  pulse  is  1.1. 

The  experimental  results  seem,  therefore,  to  fit  the  theoretical 
values  when  scaling  techniques  are  used  to  go  from  the  rectangular  to 
the  cylindrical  geometries.  Of  course,  the  data  presented  here  are  much 
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Figure  16.  Current  and  Axial  Magnetic  Field  for  Teat  Solenoid. 
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Figure  If*  Current  and  Axial  Magnetic  Field  for  Test  Solenoid. 

Top  Two  Traces  Without  Brass  Cylinder,  Bottom  Two 
Traced  with  Brass  Cylinder. 
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too  meager  to  justify  the  statement  that  the  theory  agrees  with  experiment 
for  the  effects  of  magnetic  field  diffusion  in  pulsed  solenoids.  At 
this  point,  the  best  one  can  say  is  that  the  indications  are  that  such 
an  agreement  exists. 

Finally,  some  data  were  taken  with  the  test  solenoid  and  the  particu¬ 
lar  power  supply  considered  here  to  see  what  ultimate  fields  could  be 
obtained.  Under  these  conditions  the  initial  voltage  was  4.1  kv  and 
the  solenoid  current  was  3300  a.  The  measured  magnetic  field  without 
the  conducting  cylinder  was  102  kgauss.  The  pulse  shapes  for  the  current 
and  magnetic  field  agreea  with  those  shown  in  Figure  10. 

V.  CONCLUSIONS 

The  limited  experimental  results  obtained  for  test  solenoids  indicate 
that  the  quantitative  results  obtained  are  sufficiently  accurate  for  the 
design  and  construction  of  pulsed  solenoids.  The  calculation  of  the 
decrease  in  magnetic  field  on  the  axis  of  a  pulsed  solenoid  have  shown 
that  the  conductor  thickness  (on  the  radius)  which  can  be  tolerated 
without  a  large  degradation  in  the  magnitude  of  the  field  is  on  the  order 
of  one  skin  depth.  If  low-conductivity  conductors  are  used,  this  limi¬ 
tation  is  not  especially  serious.  On  the  other  hand,  a  much  more 
stringent  limitation  is  placed  upon  the  coil  thickness  of  the  pulsed 
solenoid  where  copper  wire  or  tape  would  be  used.  For  a  decrease  of 
10  -  15  per  cent  in  axial  field,  coil  thickness  of  up  to  twice  the  skin 
depth  can  be  used.  As  the  coil  thickness  is  increased  beyond  this,  the 
ratio  of  the  axial  magnetic  field  to  the  ideal  field  decreases  very  rapidly. 
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It  is  significant  that  pulsed  magnetic  fields  as  high  as  100  kgauss 
were  readily  obtained  with  an  inexpensive  solenoid,  although  field  uniformity 
was  not  high. 
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ABSTRACT 


An  experimental  study  was  made  of  the  emission  of  electrons  from 
one  side  of  a  thin  tungsten  ribbon  when  heated  by  laser  irradiation  from 
a  pulsed  ruby  laser  incident  on  the  opposite  side.  The  emission  obtained 
in  this  way  was  found  to  be  repeatable  up  to  current  densities  of  400  a/cm  . 
Beams  with  this  current  density  and  diameters  of  0.005- in  ware  focused 
using  magnetically  confined  flow  in  a  pulsed  magnetic  field.  The  optical 
properties  of  tungsten  and  beam  focusing  using  magnetic  fields  are  discussed. 
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f.  WTRopocfioir 

One  of  several  liadtationa  on  high-power,  high-frequency  electronic 
a evicea  is  that  conventional  thermionic  cathodes,  when  operated  for 
reaso.'jibie  lifetimes,  give  maximum  emission  densities  of  about  10  a/ca 
and  an  order  c£  magnitude  greater  whan  operated  undar  certain  conditions  • 
Greater  bean  currant  densities  than  this  can  be  produced  by  convergence* 
-but  at  the  expense  of  increasing  the  temperature  of  the  bean  and  there¬ 
fore  the  noise.*  There  is  also  a  limit  to  tbs  convergence  ratio  that 
can  be  achieved  in  practice.  A  high  emission  density  source  could 
therefore  be  of  considerable  importance* 

Such  a  source  has  been  realized  on  a  pulsed  basis  by  irradiating 
tungsten  with  the  high-intensity  radiation  produced  by  a  ruby  laser* 

The  emission  obtained;  in  this  way  has.  bean  investigated  and  .repsrU  d 

1  ..... '  .  "  . 

by  Giori  et  ali  Figure  i  shews  the  laser  pulse  as  detected  by  ,i 
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photomultiplier  tube  together  with  the  ccrrespciciing  electron  emssion 
,for  several  laser  energies  as  observed  by  these  werkeva*  ThoiAser 
pulse,  was  of  300  ps  duration  and  consisted  of  approximately  9-hundred 
Separate  pulses  or  "spites"  each  of  less  than  1.  jis  duration  rtth  two 
or  three  microseconds  between  the  spikes.,  This  spiking  patrsn  can  be 
best  seen  in  Figure  2.  .Wien  pulsed  at  constant  input  esierry;,  the 
output  energy  of  each  pulse  was  constant,  but  the  details  if  the 
spiking  pattern  were  snot* 

The  electron  omission  shown,  in  Figur®  1  was  obtained  by  focusing 
the  laser  beam  to  a  spot  of  approximately  0,002  in.  di&aeter  on  the 
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end  of  a  0.12-ln.  diameter  tungsten  rod.  Since  the  spot  size  was 
small  compared  with  the  rod  diameter,  the  rod  could  be  considered  semi- 
infinite  for  thermal  calculations.  The  emission  in  this  case  can  be 
seen  to  follow  the  individual  spikes  of  the  laser  pulse.  Calculations 
using  a  simplified  linear  theory,  that  is,  neglecting  variations  of 
thermal  and  electrical  properties  of  the  tungsten  with  temperature, 
show  that  this  is  to  be  expected,  since  the  surface  temperature  can 
rise  and  fail  at  the  approximately  2  Mc/s  rate  cf  the  laser  spikes. 

In  fact,  for  tungsten,  the  surface  temperature,  and  therefore  the 
emission  would  follow  the  variations  up  to  approximately  200  Mc/s. 

Even  at  such  increased- rates  the  temperature  would  follow  the  rising 
edge  of  each  pulse  but  not  the  falling  edge,  since  it  is  the  cooling 
process  that  eventually  limits  the  response.  The  maximum  current 
densities  observed  for  this  direct  emission  case  were  of  the  order  of 
10^  a/cm?,  but  the  spiking  pattern  made  them  of  little  practical  use. 
The  problem  therefore  is  to  produce  a  smooth,  repeatable;  pulse. 

One  pf  the  methods  suggested  for  producing  a  pulse  of  this  kind 
,is  by  what  has  been  termed  "indirect  emission."  This  involves 
heating  a  thin  tung3ten  ribbon  by  laser  irradiation  on  one  side  and 
drawing  the  emission  from  the  opposite  side,  where  /the  temperature 
fluctuations  are  considerably  attenuated.  Since  a,  larger  mass  of 
tungsten  has  to  be  heated  than  with  direct  emission  and  because  of 
the  averaging  effects  of  the  diffusion  of  heat  across  the  ribbon,  a 
lower  and  smoother  rate  of  increase  of  temperature  at  the  emitting 
surface  results.  Also  a  considerably  reduced  rate  of  cooling  is 
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obtained  because  of  the  much  reduced  conduction  path  of  the  thin  ribbon 
compared  with  that  of  the  relatively  large  tungsten  rod. 

This  report  describes  the  emission  observed  under  the  conditions 
of  indirect  emission  from  the  laser  cathode  and  the  formation  of  a 

magnetically  focused  beam  cf  moderately  high  current  densities  using 

* 

this  emission  process. 


* 

This  work  has  been  a  continuation  of  experiments  performed  by 

2 

G.  C.  Dalman  and  T,  S.  Wen  on  indirect  emission  from  a  tungsten 
ribbon  carried  out  at  Chiao  Tung  University,  Taiwan,  in  1962-63  when 
G.  C,  Dalman  was  a  visiting  Professor  there  under  the  sponsorship 
of  the  United  Nations  Special  Fund,  China  Project, 
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II.  DESCRIPTION  OF  THE  APPARATUS 


The  fundamental  emission  process  was  studied  using  a  simple 
diode,  and  two  beams  were  formed  using  very  simple  guns  with  pulsed 
magnetic  field  focusing.  Each  tube  was  used  with  the  laser  head, 
optical  system,  vacuum  system,  and  pulsed  magnet  shown  in  Figure  3* 
The  associated  power  supplies  and  pulsing  circuitry  are  shewn 
schematically  in  Figure  U. 

A.  VACUUM  SYSTEM 

The  vacuum  system  was  of  stainless  steel  sections  connected 
together  by  Varian  flanges  using  copper  gaskets.  The  central  section 
was  a  stainless  steel  cross  which  had  a  Varian  8/sec  Vaclon  pump  on 
one  arm,  a  vacuum  valve  on  the  opposite  arm,  a  glass  port  for  the 
laser  beam  to  enter  the  vacuum  system  on  the  third  arm,  and  a  stain¬ 
less  steel  tube  with  a  pulsed  magnet  fixed  on  it  on  the  fourth  arm. 
The  diode  and  beam  testers  were  mounted  on  Varian  vacuum  flanges  and 
fitted  inside  the  tube  on  which  the  magnet  was  mounted.  With  this 
demountable  system,  each  tube  could  easily  be  removed  either  for 
replacement  of  the  filament  or  replacement  by  another  tube.  If  the 
mgnetic  field  was  not  required,  the  magnet  section  could  be  removed 
and  the  tube  attached  directly  to  the  arm  of  the  cross.  Since  each 
magnet  was  fixed  permanently  on  its  stainless  tube,  the  magnet  was 
changed  by  replacing  this  section. 


Figure  4.  Schematic  Diagrem  of  Power  Supplier  and  Pulsed  Circuit*. 
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The  pressures  achieved  with  the  system  -were  around  10  Torr. 

At  this  pressure  the  monolayer  adsorption  time  was  around  10  sec 
while  the  time  between  laser  pulses  was  100  sec.  Several  Monolayers 
of  gas  could  therefore  condense  on  the  filament  between  pulses.  A 

-9 

pressure  of  10  Torr,  giving  a  monolayer  adsorption  time  of  1,000  sec., 
would  have  been  much  better.  In  spite  of  this  poor  pressure,  however, 
residual  gas  seemed  to  have  little  effect  on  the  emission  after  the 
cathode  had  been  aged  by  the  first  few  laser  pulses. 

B.  LASER 

The  laser  head  used  for  the  experiments  is  shown  in  ari  exploded 
view  in  Figure  5.  This  laser  was  designed  and  constructed  at  Cornell 
University.  The  pink  ruby  crystal,  with  a  diameter  of  0.25  in-  and 
a  length  of  6  in.,  gives  radiation  at  the  characteristic  wavelength 
of  69U3A0,  corresponding  to  a  photon  energy  of  1.78  ev.  The  chromium 
doping  is  0.05  per  cent  and  the  crystal  has  a  90°  optical  axis 
orientation;  that  is,  the  optical  axis  is  perpendicular  to  the  axis 
of  the  crystal  cylinder.  The  transmitting  end  is  flat  and  uncoated, 
whereas  the  opposite  end  has  a  two-facet  chisel  forming  a  total 
internally  reflecting  (TIR)  prism.  The  crystal  and  a  linear  Xenon 
flash  tube  are  contained  in  an  elliptical  housing  with  polished 
stainless  steel  reflectors  coated  with  silicon  monoxide.  The  crystal 
is  at  one  focus  of  the  ellipse  and  the  lamp  at  the  other o  This  is 
a  relatively  efficient  arrangement.  The  laser  gives  1  joule  for 
every  300  joules  into  the  lamp  above  threshold  and  is  therefore 
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0*33  per  cent  efficient.  Only  2.5  per  cent  of  the  electrical  energy 
dissipated  by  the  Xenon  flash  tube  is  converted  to  light,  "which  is  in 
a  useful  "wavelength  range  for  pruning  the  laserj  this  light  is  there¬ 
fore  used  with  an  efficiency  of  13  per  cent  once  the  crystal  has  been 
panned  above  threshold.  The  completely  unseated  crystal  allows  high 
energies  to  be  obtained  for  nany  pulses  without  the  deterioration  in 
performance  associated  with  coated  crystals,  the  coating  cf  which 
can  be  evaporated  off  by  high  laser  energies. 

The  power  supply  f  cr  the  laser  is  a  conventional  d—c  supply, 
which  charges  a  capacitor  bank  to  a  preset  voltage*  A  poise  generator 
generates  two  poises  with  the  tine  between  then  variable  Iron  20  ps 
to  600  |is.  Either  one  of  these  pulses  can  be  used  to  trigger  the 
laser,  the  magnet,  or  the  oscilloscope.  This  pulse  generator  was  used 
to  sake  the  laser  pulse  coincide  with  the  center  of  the  magnet  pulse. 
The  laser  lamp  is  fired  by  aeans  of  a  kv  pulse  delivered  to  the 
larsp  trigger  ware.  This  pulse  as  cctamsd  by  ofscherping  a  capacitor 
through  the  primary  coil  of  a  pulse  transformer  using  a  silicon- 
controlled  rectifier  as  a  switch,  the  trigger  pulse  being  taken  froa 
the  secondary  coil  of  the  transformer.  The  silicon-controlled 
rectifier  is  switched  by  a  pulse  froa  the  pulse  generator.  The 
capacitor  bank  of  the  laser  supply  can  be  120  pf  ,  2h0  pi,  or  360  pi 
and  has  an  ultimate  storage  capacity  of  2,700  joules. 

In  order  to  understand  the  heating  process  and  also  to  produce 
an  irradiated  spot  of  the  required  size,  it  was  found  necessary  to 
investigate  several  of  the  laser  characteristics.  Measurements  of  the 
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"total  energy  per  prise  were  aade  using  a  c alorisse trie  technique 

developed  by  In  and  Sins  .  The  basic  element  was  a  carbon  cone  of 

0-51  mass  placed  in  an  insulating  enclosure.  The  cone  was  raised 
o 

2.8  C  in  temperature  by  a  pulse  of  one  Joule.  Imbedded  in  a  groove 
around  the  edge  of  the  cone  were  three  Festal  thermistors  operated  at 
about  3POo£7  each*  then  "this  calorimeter  was  used  with  the  circuit 
shown  in  Figure  6a,  an  output  of  31  av  per  Joule  was  obtained  from  the 
bridge.  The  main  purpose  of  i he  d~c  amplifier  was  to  provide  an 
ispedance  transformation  between  the  bridge  circuit  and  pen  recorder, 
since  the  oot-of— balance  voltage  of  tho  bridge  was  being  measured  and 
this  had  to  be  done  with  a  circuit  of  high  iapedance  compared  with 
the  various  bridge  resistances.  With  this  calorimeter  it  was  found 
possible  to  measure  energies  up  to  the  maximum  energy  of  thB  laser 
used,  which  was  a  few  Joules,  and  devn  to  a  few  izilii Joules,  correspond¬ 
ing  to  a  temperature  rise  of  the  cone  of  about  0.01°C  and  an  output 
voltage  from  the  bridge  of  about  0.1  nv.  A  typical  curve  showing 
the  response  ctf  the  calorimeter  to  a  series  of  pulses  of  0 Jk$  Joules 
at  100-sec  intervals  is  shown  in  Figure  6b. 

The  peak  deflection,  which  was  obtained  9  sec  after  the  laser 
pulse,  had  to  bs  corrected  for  cooling  during  the  heating  time.  A 
logarithmic  plot  of  the  deflection  as  a  function  of  time  showed  a 
nearly  exponential  cooling  after  the  peak  deflection  had  been  reached. 

If  the  same  cooling  rate  was  assumed  up  to  the  time  of  reaching  peak 
deflection,  then  a  correction  to  this  deflection  of  26  per  cent  was 
required.  This  last  assumption  is  somewhat  suspect,  since  the  cooling 
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(b) 


Figure  6.  (a)  Circuit  for  Laser  Energy  Measurements  Using 

Carbon  Cone  Calorimeter,  (b)  Response  of  Circuit 
in  (a)  to  Two  Laser  Pulses  of  0.45  Joules. 
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rate  may  be  quite  different  while  the  heat  is  diffusing  through  the 
carbon  cone.  This  method  cannot  be  relied  on  therefore,  for  absolute 
values  of  better  than  10  per  cent.  A  reduced  rate  of  cooling  of  the 
cone  would  increase  the  accuracy  of  absolute  measurements.  Relative 
measurements  can  be  made  with  much  greater  accuracy.  A  calibrating 
pulse  was  obtained  by  discharging  a  capacitor  through  a  fine  wire 
embedded  in  the  circumference  of  the  cone. 

Other  workers  have  used  this  method  of  energy  measurement.  A 
similar  method  described  by  Daman  and  Flynn-’  uses  a  liquid  of 
appropriately  chosen  absorption  coefficient  as  the  absorbing  medium. 
This  method  overcomes  the  problem  of  overheating  and  evaporating  the 
surface  of  the  carbon  cone  at  high  energies.  For  the  measurements 
described  here,  care  was  taken  to  ensure  that  the  laser  beam  irradiated 
at  least  half  the  surface  of  the  cone  so  that  this  problem  was  avoided. 

It  is  also  possible  to  measure  the  energy  from  the  laser  using 

a  calibrated  phototube  in  conjunction  with  filters  of  known  trans- 

6 

mission  coefficient.  In  this  case  the  filters  are  necessary  to 
prevent  damaging  the  tube  and  to  ensure  operation  over  the  linear 
part  of  their  range. 

With  the  calorimeter  described  placed  directly  in  the  laser 
beam.  Figure  7  was  obtained.  This  shows  the  variation  of  output 
energy  with  electrical  energy  into  the  flash  lamp.  The  threshold 
was  close  to  320  joules  with  the  output  energy  varying  linearly  with 
input  energy  and  an  efficiency  above  threshold  of  0.33  per  cent. 

The  threshold  and  efficiency  of  the  laser,  and  therefore  the  output 
power  of  the  laser,  are  functions  of  the  temperature  of  the  crystal 
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Function  of  Energy  Into  Flash  Tub* 


and  the  rate  at  which  pumping  energy  is  supplied  to  the  crystal. 

It  is  therefore  important  to  keep  these  quantities  constant  in  order 
to  obtain  a  constant  output  from  pulse  to  pulse.  The  rate  of  supply 
of  pumping  energy  depends  on  the  inductance,  capacitance,  and  resistance 
of  the  discharge  circuit  and  the  constancy  of  the  lamp  discharge. 
Manufacturers  specification  of  the  lamp  discharge  indicate  that  it  is 
constant  over  sene  thousands  of  pulses;  therefore  this  did  not  present 
any  problem  for  the  experiments  described  here.  The  temperature  of 
the  laser  crystal  was  therefore  the  most  important  factor. 

Figure  7  shows  that  several  joules  of  energy  were  available  from 
the  laser.  Calculations  show  that  only  1.7  nalli joules  of  energy  are 
required  to  heat  a  O.OO^-in.  diameter  spot  on  the  ribbon  to  the 
melting  point  of  tungsten  and  that  1^.3  milli joules  of  energy  are 
required  to  heat  a  spot  of  diameter  equal  to  the  width  of  the  ribbon. 

A  few  tens  of  millijoules  are  therefore  the  maxi  mom  required,  and  the 
laser  is  capable  of  giving  many  times  more  than  this. 

Figure  8  shows  the  variation  of  the  laser  output  with  pulse 
number  when  it  was  pulsed  at  several  different  rates.  Curves  are 
shown  for  three  pulsing  rates  with  tvro  different  cooling  conditions. 

The  cooling  conditions  were*  (a)  the  crystal  cooled  simply  by 
conduction  and  convection  within  the  laser  head;  (b)  the  crystal 
cooled  by  a  stream  of  air  at  room  temperature  blown  through  the 
laser  head.  Since  the  lamp  and  air  within  the  enclosure  was  heated 
by  each  discharge,  cooling  under  conditions  (a)  was  very  slow  and 
there  was  a  rapid  fall  off  of  energy  with  pulse  number  at  the  pulsing 
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rates  shown.  Cooling  under  conditions  (b)  were  much  more  rapid; 
furthermore  equilibrium  at  a  constant  pulsing  rate  was  quickly 
achieved.  With  100  seconds  between  pulses  there  was  negligible 
reduction  of  energy  output  with  pulse  nunber,  so  that  when  a  time 
between  pulses  of  100  sec  or  greater  was  used,  a  constant  output  was 
achieved.  These  therefore  were  the  pulsing  conditions  used  for  all 
the  experiments. 

In  order  to  form  a  spot  of  the  required  diameter  on  a  target, 
it  is  necessary  to  know,  at  least  in  a  rough  way,  the  variation  of  the 
radiation  intensity  over  the  facs  of  the  crystal  and  also  the 
angular  divergence  of  the  emitted  beam.  These  were  therefore  measured 
for  the  laser  being  used  since  they  depend  on  several  factors  aid 
cannot  be  calculated  with  any  certainty. 

The  output  energy  is  certainly  not  radiated  uniformly  from  the 
face  of  this  or  any  other  laser  crystal,  principally  because  the 
cylindrical  shape  of  the  crystal  concentrates  the  pumping  light  into 
the  center.  This  results  in  an  intensity  that  is  maximum  at  the 
center  of  laser  crystals  and  that  decreases  smoothly  toward  the 

i 

i 

circumference.  ftLgure  9  shows  the  variation  of  energy  passed  by  a 

stop  placed  near  the  crystal  face  with  the  area  of  the  hole  in  the 

stop.  This  shows  that  the  emission  is  a  maximum  at  the  center  and 

falls  off  towards  the  perimeter  as  expected.  These  measurements 

give  the  sum  for  the  entire  pulse  train  of  the  energies  of  the 

individual  spikes  from  a  given  fraction  of  the  crystal  face.  Hughes 
7 

and  Young  and  others  have  taken  photographs  of  the  crystal  face 
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Spatial  Variation  of  Laser  Output  Over  Crystal  Force. 
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using  a  rotating  mirror  camera  so  that  they  could  resolve  the  individual 
spikes.  Their  results  sheared  that  each  spike  corresponded  to  a  cade 
of  the  crystal.  Also  different  small  regions  of  the  crystal  face  emit 
independently  of  each  ether  with  the  spatial  variation  of  the  emission 

varying  from  spike  to  spike*  but  with  each  emitting  region  always. 

6 

emitting  its  arm  particular  node  sequence.  Hore  recent  fork  has 
shown*  however*  that  well  above  threshold  the  separate  emitting  spots 
couple  together*  and  the  emission  is  more  uniform  over  the  face  of 
the  crystal*  3oth  these  results  were  found  with  the  laser  used  in 
this  study,  linen  an  image  of  the  crystal  face  was  formed  on  the  side 
of  a  razor  blade  and  the  laser  fired  close  to  threshold*  a  nark  was 
rede  with  several  srs.ll  holes  dotted  over  it,  presumably  corresponding 
to  the  different  emitting  spots  of  the  laser  face,  'tfhen  this  was 
repeated  with  the  laser  fired  well  above  threshold  but  with  the  bean 
attenuated  with  a  stop  so  that  approximately  the  same  amount  of  energy 
fell  on  the  blade*  a  much  more  uniform  nark  was  cade  confirming  in  a 
rough  nanner  the  observations  of  ether  workers,  per  this  reason,  in 
order  to  obtain  a  uniformly  irradiated  area,  it  is  necessary  to 
operate  the  laser  well  above  threshold  and  to  attenuate  the  bean  by 
stops  or  filters  or  both.  Another  reason  for  operating  well  above 
threshold  is  to  obtain  a  constant  energy  output  since  snail  changes 
in  the  threshold  level  have  less  proportional  effect  when  wo  iking  well 
above  threshold. 

,Vith  a  TIR  crystal,  the  edge  of  the  chisel  point  and  the  axis 
of  the  cylinder  define  a  plane  of  symmetry,  and  one  can  thin',  of  the 
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two  hal.es  oi  ice  emitting  face,  ecus  cn  either  sice  cf  •Sas  dams,  zs 
corresponding  to  the  t»o  ends  cf  a  Hat-ended  crystal-  5 eoanse  cf  tee 
"■ay  the  rays  are  reflected  arccnd  the  crystal  abcat  this  dang  cf 
symmetry,  the  two  halves  of  the  face  sheds  radiate  ndLrrcrtlarge  image 
patterns*  This  ccold  ir»  fact  he  sees  In  the  pattern  cf  snots  described 
in  the  preceding  paragraph  arc  in  saris  parsed  era  a  pdaroid  area 
placed  in  the  laser  teas  Tcith  the  laser  fired  dcse  to  threshold- 

The  angular  divergence  of  the  teas  sas  measured  photographically- 
A  ground-glass  date  sas  placed  22ft  from  the  laser-  The  •irgg* 
fenced  on  this  screen  when  irradiated  by  the  laser  beam  sas  photographed 
using  a  Polaroid  Land  oscilloscope  camera  complete  sixh  hood,  the 
ground-glass  screen  being  fixed  over  the  end  of  the  hood  in  the 
position  silica  the  oscilloscope  screen  scald  normally  occupy-  This 
proved  very  effective  and  simple,  since  the  hood  eliminated  stray- 
light  and  the  exposure  could  be  adjusted  using  the  camera  stops-  The 
alternative  to  this,  which  would  be  to  expose  the  firm  directly  to 
the  laser  oean,  sould  involve  adjusting  the  intensity  of  the  bean 
with  filters  and  achieving  a  much  darker  room  than  sas  necessary 
with  the  present  technique.  Sene  of  the  photographs  obtained  are 
shown  in  Figure  10.  From  these  photographs  it  can  be  seen  that  the 
bean  has  a  bright  central  region  surrounded  by  a  lower  intensity 
region,  and  that  an  interference  pattern  redistributes  the  light 
into  a  series  of  parallel  bars.  The  bright  central  region  is  not 
circular  but  spread  symmetrically  about  a  line  through  the  center 
perpendicular  to  the  long  direction  of  the  bright  area.  The  direction 
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(a) 


(b) 


Figure  ID.  Far  Field  Pattern  of  Laser  Beam,  (a)  Input 
Energy  of  350  Joules  (10  Percent  Above 
Threshold);  (b)  Input  Energy  of  550  Joules 
(55  Percent  Above  Threshold),  l/l3 
Exposure  of  (a) . 
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cf  this  lira  corresponds  to  the  cirsctlcn  of  She  chisel  edge  cf  the 
Z3B  crystal.  He  bright  regica  ccrresgcccs  to  a  beam  of  divergence 
0-2?°  by  0 -In0,  the  cater  region  corresponds  to  a  bean  that  falls 
to  negligible  intensity  at  a  divergence  of  G-T5.  Hess  figures  are 
saseafcat  rosspt,  espe  dally  in  vie*  of  the  nonlinearity  cf  response 
of  the  rOlariod  type  II2IC  film  '•hide  -ass  nsec,  feat  they  pror-d  adequate. 

He  interference  pattern,  altbgagja  of  little  consequence  to 

these  experiments.  Teas  very  interesting-  A  flat-ended  crystal  gives 

& 

a  pattern  vfcacb  is  a  series  cf  concentric  rings  in  contrast  to 
the  present  parallel  bars-  It  is  tempting  to  interpret  this  pattern 
of  parallel  cars  as  he  to  interference  between  the  taro  beans  from 
the  bro  halves  of  the  crystal  face  as  described  above.  If  this  -were 
the  correct-  e3qalanata.cn,  however,  the  bars  should  be  parallel  to  the 
chisel  edge  of  the  crystal,  ucereas,  as  can  be  seen  from  tae  photo¬ 
graphs,  the  bars  n=!o  an  angle  of  12°  -Jtih  the  direction  of  the 
crystal  edge,  »fa ich  is  the  scort  direction  of  the  bright  region- 
ibis  pattern,  therefore,  is  not  at  the  ascent  satisfactorily 
explained. 

In  samsry,  the  laser  is  capable  of  delivering  up  to  10  Joules 
with  a  threshold  of  320  Joules  and  an  efficiency  above  this  of  0.33 
per  cent.  The  radiation  iron  the  crystal  is  nost  intense  at  the 
center  and  falls  off  to«ar<Bthe  perimeter  of  the  crystal.  The  bean 
has  a  bright  central  region  of  divergence  0.27°  by  0«.l6°  with  an 
outer,  less  intense  region  of  divergence  0-7°. 
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Qcce  tfce  properties  cf  the  laser  were  datermdned,  it,  was  possible 
to  design  an  optical  system  to  give  the  required  irradiates  spot 
diameters  and  radiation  intensity  at  the  target. 

Because  of  their  small  divergence,  laser  beams  normally  give  tbs 
most  intense  spot  at  bias  focal  plane  or  a  fccmsing  less.  Since  tee 
distance  between  tie  target  and  winda*  was  ascot  12  is.  vfeea  tbe 
magnet  section  "was  is  place,  a  Isas  ©f  at  least  tbis  focal  length  was 
required,  A  16-In.,  ihree-eleesent  astigmatic  leas  was  readily  avail¬ 
able  arc  was  therefore  used.  With  0.27°  for  tbe  divergence  of  tbe 
central  part  cf  tbe  bean,  tbe  bean  was  brought  to  a  f ocas  at  tbe 
focal  plane  of  tbe  lens  forcing  an  image  of  O.G7>-in.  diameter,  which 
was  15  times  tbe  remained  diameter.  Tbs  3ize  of  tbe  image  could 
readily  be  reduced  by  reducing  tbs  divergence  cf  tbe  bean.  This  was 
dons  by  passing  tbe  bean  through  a  telescope  cf  l5x  magnification, 
tbe  bean  passing  frees  eyepiece  to  objective  as  shown  in  rigors  31. 
when  tbe  divergence  of  tbe  bean  was  reduced  by  a  factor  of  15,  tbs 
bean  diameter  was  necessarily  increased  by  the  sans  factor.  This 
increased  the  bean  diameter  to  a  value  somewhat  greater  than  the 
diameter  of  the  objective,  so  that  not  all  of  the  beam  was  passed  by 
the  telescope.  The  best  -way  to  consider  hew  the  telescope  serves  as 
an  effective  stop  is  to  note  that  the  only  rays  that  can  pass  through 
the  objective  of  the  telescope  are  those  rays  that  pass  through  the 
inage  of  the  objective  lens  formed  in  the  eyepiece.  This  image  is 
indicated  by  1Q  in  Figure  11.  If  the  diameter  of  this  image  is  d^, 
then 
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Putting  in  the  values  used  f  cr  f  ,  f  ,  and  d  gives  a  value  t> r  d.  of 

e  o  o  1 

0.1  in.  Therefore  only  the  part  of  the  beam  that  passes  through  this 
0.1  in.  diameter  image  is  passed  by  the  telescope. 

The  size  of  the  image  1^  formed  at  the  focal  plane  of  is  given 
by 


inhere  a  is  the  angle  of  divergence  of  the  bright  part  of  the  beam. 

An  image  of  the  crystal  face  is  also  formed  at  the  plane  I^,  and  the 
size  of  this  image  is  given  by 
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■where  u  is  the  distance  from  the  laser  to  the  telescope  eyepiece, 
and  D  is  the  diameter  of  the  emitting  area  of  the  crystal.  The 
effective  stop  of  the  telescope  does  not  reduce  the  intensity  of 
this  image  uniformly  over  the  image,  however,  since  the  light  from 
the  crystal  face  is  not  emitted  uniformly  in  all  directions. 

The  exact  way  in  which  the  intensity  over  the  image  is  changed 
depends  on  the  detailed  angular  distribution  of  light  from  each  point 
of  the  crystal  face,  and  this  was  not  known.  With  u  equal  to  1$  in., 
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however,  the  disaster  of  the  bean  at  X  was  twice  its  disaster  at  the 

o 

crystal  face.  Since  only  that  light  that  passes  through  JQ,  (whose 
dianeter  is  0.1  in.)  passes  through  the  telescope,  the  light  passed 
is  nainly  iron  the  central  O.O^O  in.  of  the  crystal  face.  If  this 
value  is  used  for  D;  then  the  diameter  of  the  image  is  0.0935  in» 

This  value  of  D  is  a  minimum  value  and  the  calculation  therefore  shews 
that  the  two  images  are  cf  about  the  same  size. 

The  distance  between  the  tiro  images  1^  and  I  is  given  by 


For  the  system  used 

f  /f  =  l/l5  f„  ~  16  in.  u  =  15  in. 

e  o  3 


therefore 

x  »  0.075  in. 

These  calculations  were  checlced  by  placing  a  piece  of  exposed 
Polaroid  film  in  the  position  normally  occupied  by  the  target.  Ihen 
the  laser  was  fired,  silver  was  evaporated  from  the  film  where  it  was 
struck  by  the  laser  beam,  leaving  a  white  mark.  Lens  was  moved 
in  steps  of  0.020  in.  such  that  the  film  vras  initially  about  0.1  in. 
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fro3  and  finally  about  0.1  in.  from  X,  -  A  spot  was  produced 
between  and  and  also  a  short  distance  beyond  these  positions, 
"which  was  of  constant  size  and  which  increased  in  di  ace  ter  with 
increase  in  distance  away  iron  this  central  region.  The  cost 
important  result  of  tins  was  to  shew  that  the  focusing  was  not  very 
critical.  In  practice  the  end  of  the  laser  was  illuminated  and  its 
inage  focused  on  either  the  cathode  or,  what  was  often  better  since 
it  gave  a  clearer  inage,  on  the  anode  at  the  side  of  the  cathode. 

The  focusing  was  done  by  coring  L^.  The  size  of  the  spot  evaporated 
froa  the  film  depended  on  the  radiation  intensity  and  varied  between 
0.G05  in.  and  0.C1G  in.  vfhen  a  piece  of  tungsten  ribbon  was  placed 
in  the  sane  position,  however,  the  irradiated  area  had  a  central 
region  of  diameter  0.0C£  in.,  which  had  been  molten,  surrounded  by 
a  bright  region  froa  which  the  surface  inpurities  had  been  evaporated. 
Tn8  diameter  of  this  bright  area  was  0.010  in.  to  0.012  in.  so  that 
the  entire  0.0l£  in.  width  of  the  ribbon  was  heated.  Then  the  laser 
was  fired  near  threshold  with  the  tungsten  ribbon  at  I^,  the  spots 
previously  described  as  corresponding  to  the  small  emitting  regions 
of  the  laser  face  could  be  clearly  seen.  "When  the  ribbon  was  moved 
to  these  disappeared.  The  size  of  each  spot  was  of  about 
0.001  in.  diameter  corresponding  to  almost  0.010  in.  diameter  at  the 
crystal  face. 

In  order  to  be  able  to  adjust  the  position  of  the  beam,  the 
telescope  was  mounted  on  gimbals,  with  the  pivots  in  the  plane  of  IQ. 
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A  dcrcoeters  were  used  to  move  the  front  of  the  telescope  vertically, 

and  another  to  aove  it  horizontally.  For  the  lenses  used,  0*001  in# 

movement  of  each  of  these  nicroneters  gave  0.003  in.  movement  of  the 

beam  at  the  target#  The  position  of  the  beam  could  therefore  be 

adjusted  to  within  0.001  in.  fairly  easily.  The  gimbal  mountings  were 

in  the  olane  of  I  ,  so  that  when  the  front  of  the  telescope  was  craved, 
o 

there  was  no  translational  movement  of  I  and  the  same  part  of  the 
beam  was  passed  by  the  telescope  keeping  the  irradiated  spot  of 
constant  size  and  radiation  intensity.  The  slight  angular  movement 
of  I  had  negligible  effect  on  the  light  passed  by  the  telescope.  The 
principal  alignment  of  the  system  consisted  therefore  in  ensuring 
that  the  mountings  were  in  the  plane  of  IQ  and  that  the  center 

of  the  beam  passed  through  Iq.  Once  this  adjustment  was  made,  1^ 
was  aligned  so  that  the  center  of  the  beam  passed  through  its  center. 
The  vacuum  system  was  then  aligned  so  that  the  bean  passed  through 
the  center  of  the  window  to  the  target.  Finally  an  image  of  the  laser 
end  was  focused  centrally  on  the  target.  The  target  was  viewed  using 
the  monocular  shown  in  Figure  3  in  conjunction  with  a  small  viewing 
mirror.  Since  the  target  was  close  to  the  focal  plane  of  and 
therefore  when  viewed  in  the  mirror  was  formed  at  infinity,  a 
telescope  in  the  form  of  a  monocular  was  required  to  see  it.  The 
viewing  mirror  was  removed  from  the  beam  when  the  target  was  being 
irradiated . 

Since  in  order  to  form  a  small  spot  it  was  necessary  to  reduce 
the  beam  divergence  by  a  factor  of  l£,  the  beam  diameter  had  to  be 
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increased  by  a  factor  of  15*  More  generally,  fcr  a  given  bean,  the 
size  of  the  irradiated  ®ot  depends  only  on  a^t  the  angle  of  convergence 
of  the  beam  at  the  target.  The  spot  size  is  inversely  proportional 
to  and  the  smaller  the  spot  size  required  the  greater  must  be  the 
angle  of  convergence  at  the  cathode. 

For  the  present-  experiments  the  value  of  a ^  required  created  no 

problems.  For  a  beam  produced  by  direct  emission,  it  might  be 

necessary,  however,  t-o  place  a  structure  around  the  beam.  In  this 

case  the  laser  beam  would  either  have  to  pass  through  the  structure 

to  the  cathode  or  strike  the  cathode  at  an  angle.  The  second  alternative 

might  be  possible  if  the  anode  was  well  spaced  from  the  cathode  so 

that  the  change  in  anode-to-cathode  spacing  from  one  side  of  the  beam 

to  the  other  was  not  too  important.  It  would  not  be  possible  to 

eliminate  the  effects  of  the  tilt  completely,  however,  and  this  might 

not  be  a  practical  approach.  The  alternative  of  passing  the  laser 

beam  through  the  structure  requires  a  beam  of  low  angle  of  converge 

*> 

and  therefore,  paradoxically,  of  high  beam  divergence,  so  that  a 
large  spot  would  be  produced.  The  way  to  overcome  this  would  be  to 
decrease  the  divergence  of  the  beam  produced  by  the  laser. 

This  has  been  done  for  a  ruby  laser  by  two  methods.^  The  first 
method  used  a  long  cavity  to  reduce  the  beam  divergence,  the  mirrors 
being  up  to  one  meter  apart.  The  second  method  used  a  stop  in  the 
cavity.  Both  of  these  methods  have  disadvantages.  The  first  method 
involves  using  mirrors  separated  from  the  crystal,  which  must  be 
accurately  adjusted.  The  second  method  results  in  a  considerable 
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reduction  of  the  laser  output  energy,  and  the  stop  is  damaged  if  the 
laser  is  fired  at  a  high  level  for  more  than  a  few  shots. 

These  difficulties,  which  would  be  encountered  in  the  production 
of  a  beam  by  direct  emission,  do  not  arise  in  the  production  of  a  beam 
by  indirect  emission.  This  shows  a  considerable  advantage  for  the 
indirect  emission  beam  although  it  may  be  worth  while  to  overcome  the 
problems  associated  with  direct  emission  by  producing  a  direct-emission 
beam  -using  the  single  pulse  from  a  Q-spoiied  laser. 


D.  PULSED  MAGNET 

The  standard  method  of  producing  strong  pulsed  magnetic  fields 
is  to  discharge  a  capacitor  bank  C,  charged  to  an  initial  voltage 
V  through  a  magnet  coil  of  inductance  L,  and  resistance  R.  The 
damped  oscillatory  discharge  is  expressed  as 


I 


sin  (nt/T*) 


where 


The  peak  current  is  reached  at  t 


and  is  given  by 


■mere 


Z  =  Z  e 
eii  o 
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“  Zo  s 
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If  R  is  snail,  the  damping  is  snail  and  the  discharge  is  closely 
sinusoidal,  so  that 


*o  -V<I> 


1/2 


(1) 


and 


T  -  n  (LC) 


1/2 


(2) 


■where  T  is  the  time  for  one -half  period  of  the  oscillation. 

The  energy  dissipated  in  joule  heating  during  the  first  naif-cycle 
is 

-  I2  R  T 
2  o 


when  f»  Tj  i.e.. 


E  — 
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The  design  of  the  sagp.et  coil  started  frera  the  fact  test  a 
half-period  T  of  about  1  ns  •css  required  and  that  three  120  |dT*  3  Sw 
capacitors  were  available.  Fatting  these  figures  into  Sqaatac-cs  (1) 
and  (2)  gives  a  vales  of  280  ph  repaired  for  the  inductance  of  the 
coil*  and  a  value  of  about  3*hQ0  a  for  the  peak  current,  Two  magnets 
■ware  made  using  this  design  data.  The  first  was  a  simple  solenoid 
wound  on  a  7/6-in.  former  which  was  2  in.  long.  Calculations  showed 
that  for  this  size  magnet  five  rows  of  33  tarns  each  of  no.  Ik  wire 
would  give  the  required  inductance.  With  tfa?  peak  current  just  given 
and  an  infinite  solenoid*  the  peak  field  on  the  axis  weald  be  about 
78  kgauss*  which  is  none  than  required.  The  second  magnet  consisted 
of  two  coils  wound  on  a  7/8  in.  former  each  l/Z  in.  wide  and  spaced 
l/h  in.  apart.  The  required  inductance  was  given  by  50  turns  of 
no.  lU  wire  wound  on  each  of  these  coils.  Since  for  this  magnet  the 
number  of  turns  per  inch  was  greater  than  for  the  simple  solenoid*  the 
magnetic  field  for  a  given  current  was  somewhat  higher.  The  coil  pair 
arrangement  also  gave  a  greater  length  of  uniform  field  than  the 
simple  solenoid  and  was  therefore  used  for  all  of  the  beam-focusing 
experiments.  This  magnet  and  the  field  configuration  are  shorn  in 
Figure  12.  The  field  varies  by  only  1  per  cent  over  a 3/j.  in.  length. 
This  was  achieved  by  careful  adjustment  of  the  distance  between  the 
two  coils  and  by  adjusting  the  number  of  turns  on  the  coils  to  give 
exactly  the  same  field  for  the  same  current  whon  operated  separately. 
This  was  necessary  since  there  are  only  5 0  turns  on  each  coil  so  that 
a  one-half  turn  difference  gives  a  one  per  cent  difference  in  field. 
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As  indicated  the  peai:  carrent  is  several  tbccsand  aaceres.  Is 
erder  to  switch  this  earrect  a  B-C-A.  551=-  Igsiiren  was  ns«3.  face 
this  bad  bees  fired,  it  conducted  in  beta  directions  and  therefor* 
allowed  tee  injhgtsnce-eapacitarce  discharge  to  ring  natal  all  the 
energy  originally  stored  is  the  capacitors  had  teas  dissipated  in 
the  circuit  resistance,  and  therefore  principally  is  the  ragrst. 
Since  it  -was  required  that  the  carnet  heating  be  Sept  to  a  rri nicer j 
this  ringing  was  net  desirable,  fo  avoid  this  a  chela  was  inclnded 
is  the  discharge  circuit,  which  saturated  at  currents  cf  a  few  tens 
cf  asperes,  and  which  had  as  inductance  abort  taro  orders  cf  segnitad* 
greater  than  that  cf  the  nagrst  when  not  saturated  and  an  order  of 
sagnitads  lass  than  that  cf  the  nagpet  when  saturated.  Hth  the  use 
cf  the  choke,  the  tine  constant  cf  the  discharge  was  much  increased 
at  low  currents  and  altered  very  little  fer  higher  currents.  Ibis 
delayed  the  poise  while  the  correct  was  lor,  keeping  the  current  lew 
at  the  end  of  the  first  half-cycle  for  a  sufficient  length  of  tine 
(about  103  jss)  to  allow  the  Igaitron  to  deicnize.  This  quenched  the 
ringing  at  the  end  cf  the  first  half-cycle  without  appreciably 
altering  either  the  period  or  nagnitude  of  the  discharge  current. 

At  the  end  of  tins  first  half -cycle,  the  capacitors  were  charged  in 
the  reverse  polarity.  In  erder  to  return  then  to  their  original 
polarity,  a  second  discharge  circuit  was  used  with  an  identical 
Ignitron  and  choke. 

The  calculated  value  of  R  for  the  nagnet  is  0.137Q  giving  a 
value  for  P  of  2.08  ns.  The  amplitude  of  the  oscillation  should 
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therefore  fall  to  l/s  5a  as.  Boring  tbs  first  calf-cycle,  there¬ 
fore,  the  peak  current  ■asita  losses  is  ably  33  per  cent  lass  than  the 
peak  carreat  -sdtbrst  losses-  In  fast  there  -rare  also  losses  respiting 
frets  the  finite  <2  cf  the  capacitors,  which  increased  tbs  circuit 
resistance  to  a  -sales  of  0.213  calculated  from  tee  measured  darning 
constant.  Stas  corresponds  to  a  20  per  cent  decrease  of  the  peak 
current  respiting  from  darning. 

It  is  wrersh  noting  that  P *  is  a  constant  for  a  gives  size 

and  snare  cf  the  corner  connector  being  independent  of  tbs  nsracer  of 
terns  3f,  since 


Lc 


233 


3  c 


J2 

a 


Sow  tbs  Q  of  the  circuit  is  given  by 


energy  stored _ 

energy  eissipated/cycle 


L  1_ 
3  2T 
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gnri  this  is  therefore  also  independent  cf  K  for-  a  given  T.  The  Q 
of  an  air-cored  pulse  magnet  cannot  therefore  be  altered  by  altering 
the  merer  of  tarns,  but  only  by  in-proving  the  packing  factor  or 
reducing  the  resistivity.  If  T  is  shortened  such  that  skin  effects 
become  appreciable,  the  Q  is  further  reduced.  For  the  value  of  T  and 
thickness  of  va  re  used,  skin  effects  were  not  important,  and  the  Q 
was  such  that  about  $0  per  cent  of  the  energy  stored  in  the  magnet 


■was  dissipated  in  a  single  half -period.  This  gives  a  calculated 
temperature  rise  of  3°C  per  pulse  when  pulsed  at  maximum  caoacitor 
voltage.  Since  the  laser  was  pulsed  only  once  every  100  sec,  this 
ie— eratare  rise  presented  no  problems . 

Figure  13a  shews  the  magnetic  field  produced  by  the  simple 
solenoid  for  several  capacitor  voltages.  From  this  it  can  be  seen 
that  the  delay  caused  by  the  saturable  reactor  varies  with  voltage 
and  is  least  for  the  highest  voltage.  This  is  due  to  less  time  being 
required  to  reach  saturation  current  in  the  delaying  choke  as  the 
voltage  is  increased.  The  field  measurements  were  made  using  a  coil 
of  a  known  number  of  turns  wound  on  the  end  of  a  lucite  rod  and 
integrating  the  voltage  output  from  this  with  a  circuit  of  time 
constant  T",  with  T*  being  very  much  less  than  the  length  of  the 
magnet  pulse.  Figure  13b  shows  a  field  pulse  for  the  two-coil 
mgnet.  The  change  of  slope  at  the  two  ends  of  the  pulse  can  be 
clearly  seen.  The  length  of  pulse  for  the  simple  solenoid  was  1.0  ms 
corresponding  to  an  inductance  of  280  ph,  and  for  the  two-coil 
magnet  the  pulse  length  was  0.9  ns  corresponding  to  an  inductance 
of  265  ph.  The  measured  peak  current  for  VQ  =  3  kv  for  the  two- 
coil  magnet  was  2,U00  arroeres,  which  gave  a  peak  field  of  66,000 
gauss.  With  no  resistance  in  the  circuit,  the  peak  current  should 
be  3,500  a;  with  only  the  magnet  resistance,  it  should  be  3,200  a. 

The  lav  value  of  2,U00  a  was  due  to  the  low  Q  of  the  capacitors  used. 
Using  high-Q  capacitors  with  the  same  ratings,  this  magnet  should 
give  85,000  gauss.  As  pointed  out  in  the  section  on  beam  focusing, 
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Figure  13.  Magnetic -Fie  Id  Pulses:  (a)  Of  Simple 
Solenoid  at  Several  Discharge  Capacitor 
Voltages;  (b)  Of  Two-Coil  Magnet. 
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these  values  of  magnetic  field  are  well  above  those  required  to  focus 
the  beams  produced  by  indirect  emission* 

Since  the  magnetic  field  was  produced  by  this  pnslsed  technique, 
some  care  had  to  be  taken  in  the  construction  of  the  device  that  was 
to  fit  inside  the  magnet.  In  order  not  to  produce  large  eddy  currents 
and  thus  reduce  the  magnetic  field,  any  tubing  inside  the  magnet  had 
to  be  less  than  the  skin  depth  in  thickness.  At  the  frequency”  of 
f>00  cp6  used,  the  skin  depth  in  copper  is  0.3  cm  and  the  skin  depth 
in  stainless  steel  is  2.U  cm.  Stainless  steel  tubing  could  therefore 
be  used  for  the  tube  envelope  and  copper  could  not.  To  check  this, 
a  3A  in.  rod  of  stainless  steel  was  fitted  inside  the  magnet.  This 
rod  had  a  hole  from  one  end  to  the  center  into  which  the  field  probe 
fitted.  With  this  in  the  magnet,  the  field  was  found  to  be  reduced 
by  a  negligible  amount,  as  can  be  seen  from  Figure  lit,  v/hich  shows 
the  field  pulse  both  with  and  without  the  stainless  steel  rod  in  the 
magnet.  With  the  steel  rod  in  place,  the  field  was  delayed  by  nearly 
30  ps,  this  delay  being  the  time  required  for  the  magnetic  field  to 
diffuse  through  the  metal.  This  experiment  shewed  clearly  that 
stainless  steel  could  be  used  for  the  tube  envelope  and  other  parts, 
and  that  its  use  would  not  lead  to  any  reduction  of  the  magnetic 
field.  The  movement  of  delicate  parts,  such  as  the  cathode  ribbon 
and  its  supports,  as  a  result  of  interaction  between  the  magnetic 
field  and  eddy  currents  or  other  currents  flcvdng  in  them  presented 
more  of  a  problem.  In  order  to  minimize  movement  of  the  ribbon,  it 
was  kept  as  short  as  oossible  and  one  end  was  insulated  from  its 
support  to  prevent  eddy  currents  flowing  through  it. 
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Figure  14.  Magnetic  Field  Pulse,  (a)  With  jj/4-in 
Stainless  Steel  Rod  Inserted  in  Magnet, 
(b)  Without  Stainless  Steel  Insert. 


HE.  DI03E  BCFSBEKTS 


Tee  first  emission  experiments  were  uerfcrmed  with  3  simple 

diode.  This  diode  had  a  tungsten  cathode  ribbon  which  was  0.0X5  in. 

thick  and  0.015  in.  Tide,  the  anode  was  of  copper  and  could  be  moved 

cn  its  supporting  tube  to  adjust  the  anode-to-cathode  spacing.  For 

all  the  experiments,  this  spacing  -was  0.005  in.  +  0.0005  in.  The 

cathode  ribbon  was  counted  in  tension  fron  two  0.010-in.  thick 

molybdenum  lugs.  The  ends  of  the  ribbon  were  sandwiched  between  the 

tiro  sides  of  a  nickel  strip  that  was  bent  around  the  ribbon,  and 

spot  welds  ware  cade  to  the  molybdenum  lugs.  These  spot  wolds  were 

strong  enough  to  hold  the  ribbon  to  the  lugs,  but  could  be  stripped 

off  the  molybdenum  fairly  easily,  allowing  the  ribbon  to  be  replaced 

when  necessary.  The  tube  was  mounted  from  a  Varian  vacuum  flange 

so  that  it  could  easily  be  removed  from  the  vacuum  system  for 

inspection  and  replacement  of  the  filament.  The  pressure  achieved 

_7 

with  this  and  subsequent  tubes  was  about  10  Torr. 

A.  REPEATABU5  CURRENT  HJISSS 

Figure  15  shows  some  typical  current  pulses  obtained  with  this 
diode.  They  have  been  presented  in  this  way  to  show  that  the  results 
were  repeatable.  This  figure  shows,  as  was  expected,  a  mean  emission 
curve  with  a  much  slower  and  smoother  rate  of  rise  and  fall  of  em.t  ssion 
than  for  the  direct  emission  shown  in  Figure  1.  There  are  however,  a 
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Current-Time  Curves  Showing  Repeatability 


number  of  spikes  superimposed  on  these  curves.  The  average  rates  of 

rise  and  fall  of  emission  coapare  well  with  theoretical  values 

8 

calculated  by  H.  C.  Chen. 

Figure  16a  shows  the  variation  of  cathode  current  with  anode 
voltage  and  Figure  16b  shows  the  current  as  a  function  of  the  voltage 
at  three  different  times  during  these  pulses.  Within  experimental 
error,  the  current  varied  as  the  three-halves  power  of  the  voltages 
at  the  lower  voltages,  and  there  was  saturation  corresponding  to 
temperature -limited  emission  at  the  higher  voltages.  The  emission  at 
lower  voltages  was  mainly  space-charge  limited,  but,  because  of  the 
fall  of  temoerature  away  from  the  center  of  the  emitting  area,  the 
peripheral  regions  must  have  been  temperature  limited.  The  areas  of 
temperature-limited  emission  and  space-charge-limited  emission  depend 
on  the  laser  incut  energy,  the  anode  voltage,  as  well  as  the  time  from 
the  beginning  of  the  pulse.  Chen*s  calculations  show  a  ve" y  rapid 
fall  of  temperature,  and  therefore  an  even  more  rapid  fall  of  emission, 
away  from  the  irradiated  soot,  so  that  under  space-charge-limited 
conditions,  the  emitting  spot  must  be  well  defined. 

The  discussion  of  Figure  16  treats  only  the  mean  current  curve 
and  neglects  the  existence  of  current  spikes  that  are  superimposed 
on  the  moan  curve.  The  variation  of  mean  current  with  voltage  has 
been  interpreted  as  showing  that  the  emission  was  space-charged 
limited,  but  the  current  spikes  are  obviously  due  to  temperature 
fluctuations  at  the  emitting  surface  croduced  by  the  spikes  qf  laser 
energy.  We  therefore  have  emission  'which  is  space-charge  limited  in 
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Figure  16.  (a)  Diode  Current  at  Several  Anode  Voltages;  (b)  Current 

voltage  Curves  from  (a)  at  Different  Times  During  Pulses 
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the  normally  accepted  sense,  but  -which  ic  also  temperature  dependent. 
This  arises  because  the  fluctuations  of  temperature  are  much  greater 
than  those  with  which  one  is  normally  concerned  when  treating  a 
continuously  emitting  cathode. 

This  situation  can  perhaps  be  best  understood  in  terms  of 
Figure  17,  which  is  an  estimate  of  the  shape  of  the  equipotentials 
and  field  lines  in  a  plane  through  the  center  of  the  beam.  Iranediately 
above  the  center  of  the  emitting  area  is  the  usual  potential  barrier 
which  exists  under  space-charge  limited  conditions.  The  height  of 
this  barrier  depends  on  the  temperature  of  the  cathode.  Only  electrons 
with  more  than  a  certain  energy  can  get  over  this  barrier.  However 
electrons  can  go  around  this  barrier  by  spreading  sideways.  The  shape 
of  this  barrier  is  a  function  of  the  cathode  temperature  and  therefore 
the  amount  of  beam  spreading  is  dependent  on  the  cathode  temperature. 

In  this  way  the  anode  current  is  dependent  both  on  anode  voltage  and 
cathode  temperature.  Such  a  dependence  of  anode  current  on  both  anode 
voltage  and  cathode  temperature  is  predicted  for  the  infinite  diode 
when  electron  emission  velocities  are  taken  into  account,  but  the 
effect  is  much  smaller  than  with  the  present  arrangement.  No  attempt 
has  been  made  to  solve  the  case  of  the  diode  with  finite  transverse 
dimensions  taking  into  account  initial  velocities,  as  would  be  required 
to  correlate  the  changes  in  anode  current  with  changes  in  the  cathode 
temperature • 

Before  comparisons  could  be  made  with  theoretical  emission 
curves,  it  was  necessary  to  know  the  emitting  area  and  cathode  current 
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Figure  1? .  Equipotential  and  Field  Sketch  for  Laser  Diode 


density.  The  area  cf  the  emitting  regies  could  not  be  fcasd  frost 
Figure  16  because  the  amount  of  spreading  of  the  bean  ■was  not  kscwm. 

It  was  realized,  however,  that  bean  spr  easing  coaid  be  prevented  in 
the  diode  siqply  by  applying  the  pulsed  magnetic  field  developed  for 
focusing  a  long  electron  bean.  Ihen  this  field  was  applied  to  the 
diode,  current  pulses  of  the  Virrf  shorn  in  Figure  18a  were  obtained* 

A  log  plot  of  the  caximn  anode  current  as  a  function  of  voltage  is 
given  in  Figure  13b.  The  slope  of  this  carve  is  1,U  +  0.2,  showing 
that,  within  experimental  error,  the  current  varies  as  the  three-halves 
power  of  the  voltage.  The  emitting  area,  calculated  from  this  curve 
using  Child«s  law  for  an  infinite  diode  and  neglecting  the  effect  of 

C  A 

finite  emission  velocities  of  the  electrons  was  1.03  +0.2  x  10  car. 

This  corresponds  to  a  circular  region  of  diameter  O.OOU5  +  *001  in. 

which  compares  well  with  the  value  for  the  diameter  of  the  intense 

central  region  of  the  beam  at  the  cathode  as  discussed  in  Section  II 

on  the  optical  system.  This  was  also  the  diameter  of  spots  burned 

in  a  piece  of  film  wh8n  placed  in  the  cathode  position.  (Further 

evidence  for  these  values  for  the  diameter  of  the  emitting  region 

was  given  by  the  microphotographs  of  the  ribbon  after  irradiation, 

which  are  presented  in  Figure  19.  The  peak  current  of  Figure  18a 

was  3  ma,  corresponding  to  a  peak  current  density  of  30  +  6  a/cn£ 

and  therefore  to  a  peak  temperature  over  the  emitting  region  of 

3,125  +  23>°K.  This  temperature  is  obtained  from  the  data  of 

9 

Langmuir  and  Jones  for  electron  emission  from  tungsten.  The  peak 
current  that  could  be  obtained  in  a  repeatable  manner  was  h$  ma, 
corresponding  to  a  current  density  of  U50  +  90  a/cm  .  This  thermionic 
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Figure  l8.  (a)  Diode  Current  Pulses  at  Anode  Voltages  of 

50v,  lOOv,  150v,  and  250v  with  Magnetic  Field 
Pulses |  (b)  Log-Log  Plot  of  Peak-Current  versus 
Voltage  Obtained  from  (a) , 
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current  density  is  given  by  tungsten  at  3,6U0  +  30°K«  The  melting 
point  of  tungsten  is  3,680°K.  This  therefore  shows  that  the  maximum 
repeatable  emission  was  obtained  when  the  temperature  of  the  irradiated 
area  was  very  close  to  the  melting  point  of  the  tungsten  and  suggests 
that  the  effects  observed  when  the  laser  energy  was  increased  above 
the  value  which  gave  this  maximum  repeatable  current  were  due  to  the 
irradiated  area  melting. 

TTnen  the  magnetic  field  was  applied  to  the  diode,  as  has  been 
pointed  out  already,  the  beam  was  prevented  from  spreading.  This 
reduced  the  anode  current  for  a  given  anode  voltage  and  led  to  the 
almost  complete  suppression  of  the  current  spikes  observed  when  no 
magnetic  field  was  applied.  This  is  consistent  with  the  explanation 
of  the  spikes  given  earlier.  Once  the  beam  is  prevented  from 
spreading,  there  is  very  little  variation  of  current  with  cathode 
temperature  under  conditions  of  space-charge-limited  emission. 

The  energy  per  laser  pulse  incident  on  the  ribbon  that  produced 
the  maximum  repeatable  electron  current  pulses  was  0.03  joules.  In 
Appendix  B  th9  value  for  the  reflection  coefficient  of  tungsten, 
when  irradiated  v/ith  ruby  laser  light  at  normal  incidence,  was  found 
to  be  0.56*  If  this  value  is  correct,  then  O.OlU  joules  of  the 
incident  energy  were  absorbed  and  0.016  joules  were  reflected.  The 
figure  of  O.OlU  joules  absorbed  is  to  be  compared  v/ith  the  value  of 
1.7  x  10~^  joules  required  to  raise  the  tenperature  of  a  0.005-in. 
diameter  region  of  the  ribbon  from  room  temperature  to  the  melting 
point  of  tungsten.  The  mass  of  this  region  of  the  ribbon  is  a  mare 
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3«1  x  10  gm.  A  further  0.8  x  10  joules  would  be  required  to  melt 
this  mass  of  tungsten  at  constant  temperature.  The  total  energy 
required  to  melt  the  emitting  area  of  the  ribbon  is  therefore  2.5  i 
10  joules,  which  is  a  factor  of  5.6  less  than  the  energy  absorbed 
per  pjlse.  The  reason  for  this  apparent  discrepancy  is  that  not  all 
the  laser  energy  was  incident  on  the  emitting  area.  At  the  cathode 
the  laser  beam  had  an  intense  central  region  of  0.005-in.  diameter 
surrounded  by  a  region  of  lower  intensity.  The  diameter  of  this  less 
intense  region  was  approximately  0.015  in.  Since  the  exact  distribution 
of  incident  energy  over  the  irradiated  spot  was  not  known,  it  was  not 
possible  to  calculate  the  temperature  distribution  that  should  have 
been  achieved*  however,  the  value  of  the  incident  energy  is  consistent 
with  the  emitting  region  being  raised  to  a  temperature  near  the 
melting  point  of  tungsten. 

Figure  19  shows  both  sides  of  the  tungsten  ribbon  after  1,  U, 
and  16  laser  pulses.  Unfortunately  these  were  produced  before  the 
laser  energy  measurements  had  been  made,  -which  showed  that  forced  air 
cooling  was  necessary  to  achieve  a  constant  output  energy  per  pulse. 

The  laser  was  here  fired  every  100  sec  with  no  forced  cooling. 

Figure  8  shews  that  under  these  conditions  the  laser  output  falls 
with  pulse  number  and  reaches  an  equilibrium  value  that  is  only  half 
the  energy  of  the  first  pulse.  For  the  one  and  four  pulses  the  energy 
of  at  least  the  first  pulse  was  sufficient  to  melt  the  irradiated 
area.  As  can  be  seen  from  the  photographs  the  diameter  of  this 
region  is  close  to  0.005  in.  confirming  the  figure  found  earlier  for 
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Figure  19.  Tungsten  Cathode  After  Irradiation 


for  the  diameter  of  the  emitting  area.  For  the  16-shot  sequence  the 
first  shot  was  fired  only  200  sec  after  an  8-shot  sequence.  The 
crystal  did  not  have  tine  to  cool  completely  air*  therefore  even  for 
the  first  shot  of  this  sequence  the  laser  energy  was  not  sufficient  to 
melt  all  the  irradiated  area.  Only  the  central  0.002  in.  was  melted. 
The  dark  areas  on  these  photographs  are  not  craters  or  holes  but 
regions  with  a  very  smooth  surface  ■shim  reflected  little  light  into 
the  microscope.  On  the  irradiated  side  there  appears  to  be  a  mound. 
This  nay  be  due  to  the  extremely  rapid  cooling  of  the  metal  after 
melting,  leading  to  a  microcrystalline  or  even  anisotropic  form  of 
tungsten  with  a  lower  density  than  normal  crystalline  tungsten.  These 
photographs  of  the  cathode  after  irradiation  show  that  it  was  possible 
to  melt  the  central  region  of  the  ribbon  without  destroying  the  cathode. 

Figure  20  shows  some  of  the  current  pulses  corresponding  to  the 
shots  of  Figure  19.  Figure  20a  is  the  current  pulse  corresponding  to 
the  single  laser  shot.  This  pulse,  like  all  first  pulses  in  any  area 
cf  the  cathode,  produced  a  large  burst  of  gas  from  the  surface  and 
interior  of  the  tungsten.  This  burst  of  gas  was  sufficient  to  produce 
a  gas  breakdown  and  a  consequent  large  current  of  peak  value  1  A. 

The  breakdown  was  not  quite  an  arc,  since  for  an  arc  the  voltage  across 
the  tube  would  have  been  small  and  the  peak  current  would  have  been 
2A  limited  only  by  the  circuit  resistance  •  Since  the  tungsten  was 
molten  for  at  least  part  of  the  pulse,  evaporating  tungsten  may  have 
contributed  to  the  possible  gas  processes.  The  current  pulses  of 
Figure  20b  correspond  to  the  second,  third,  and  fourth  shots  of  the 
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Figure  20.  Current  Pulses  Emitted  from  Cathode  Area  Shown 
in  Figure  19 .  (a)  Corresponding  to  Single  Shot; 

(b)  Corresponding  to  Second,  Third,  and  Fourth 
Shots  of  Four-Shot  Sequence.  Vertical  Scale  is 
0.5a/div  for  Second  Shot  and  20  aa/div  for  Third 
and  Fourth  Shots,  (c)  Corresponding  to  Fourth 
and  Eighth  Shots  of  Sixteen-Shot  Sequence. 
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four-shot  sequence.  The  vertical  scale  for  the  upper  curve  is  0.5  a/cm, 
which  is  similar  to  Figure  20a.  The  vertical  scale  for  the  other 
two  curves  is  20  aa/cn.  The  emission  here  has  reached  the  stable 
condition,  that  is  the  nonbreakdorti  condition  'ey  the  fourth  shot. 

Figure  20c  shoes  the  fourth  and  eighth  shots  of  the  16-snot  sequence. 
The  reduction  in  current  is  due  to  the  reduction  in  laser  energy. 

Again  the  emission  had  reached  the  stable  condition  by  the  fourth  shot 
and  all  subsequent  shots  gave  the  sane  shape  of  curve. 

The  results  presented  so  far  ada.it  of  a  simple  explanation.  The 
tungsten  is  heated  to  its  melting  point  or  close  to  this  by  the  laser 
energy  that  is  concentrated  in  a  spot  of  about  0.005  in.  diameter. 

The  electron  emission  from  this  spot  is  well-understood  thermionic 
emission  that  can  give  up  to  about  U50a/cm^  in  a  repeatable  manner. 

The  cathode  ribbon,  which  is  not  processed  in  any  way  before  mounting 
in  the  tube,  is  outgassed  by  the  first  few  laser  pulses  accompanied 
by  large  cathode  currents.  After  the  first  few  pulses,  there  is  little 
further  emission  of  gas,  and  the  electron  emission  becomes  stable. 

B.  NONHEFEATABLE  AND  BREAKDOWN  CURRENTS 

Figure  21  shows  what  happened  when  an  attempt  was  made  to  achieve 
higher  current  densities  by  increasing  the  laser  energy.  Here  the 
energy  is  increased  by  5  per  cent  from  one  curve  to  the  next.  The 
lower  curve  of  Figure  21a  corresponds  to  the  smallest  laser  energy. 

At  a  current  of  U5  ma  the  current  suddently  jumps  to  an  appreciably 
hitter  value.  Figures  21b  and  21c  show  the  current  pulse  resulting 
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Figure  21.  Diode  Current  Pulses  Showing  Transition  to  Very- 
High  Current  Density  Emission.  Laser  Energy 
Increased:  (a)  5  Percent  for  Each  Pulses  (b) 

5  Percent  Above  Top  Curve  of  (a);  (c)  5  Percent 
Over  Curve  in  (b) , 
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from  tars  subsequent  5  per  cent  increases  in  the  laser  energy.  The 
current  scale  changes  frost  20  sa/div  to  200  ma/div.  Here  the  breakway 
iron  the  smooth  carve  at  about  h$  sa  can  ~lesrly  be  seen.  The  peak 
current  reached  •ess  about  IsOQ  na  corresponding  to  a  cathode  current 
density  of  2&,3SO  a/cnP.  The  anode  voltage  for  all  these  curves  was 
only  250  v  and  no  magnetic  field  was  applied,  so  that  tve  bean  could 
spread  and  thus  reduce  space-charge  depression.  The  conduction  across 
the  diode  of  such  a  large  current  cast,  however,  involve  sone  degree 
of  space-charge  neutralization  by  ions.  A  possible  explanation  of 
these  results  is  that  the  lower  repeatable  currents  were  obtained  up 
to  the  ssiting-point  cf  tungsten,  and  that  the  break  frau  the  curve 
occurred  as  the  tungsten  salted.  The  rate  of  evaporation  of  atoms 
iron  the  surface  increased  appreciably  at  this  point  and  provided 
sufficient  icus  to  give  space-charge  neutralization.  The  work  fraction 
cf  the  natal  sight  also  change  appreciably  at  the  melting  point,  as 
would  certainly  be  expected,  since  the  work  function  depends  on  the 
structure  of  the  natal,  and  it  is  this  which  changes  at  the  melting 
ooint.  If  the  werk  fi  cticn  did  change,  the  available  electron 
emission  would  ssddently  ire  at  the  moment  the  tungsten  melted, 
and  this  together  with  tie  increased  ion  emission  to  provide  space- 
charge  neutralisation  would  fit  the  observed  results.  Ifcre  work  on 
t  :is  aspect  of  the  emission  is  necessary  in  order  to  provide  a  better 
ur*der: ianding  of  the  processes  that  occur. 

Currents  of  Figure  21  were  do  talced  with  an  anode  potential  of 
only  250  -olt  s .  An  attempt  to  increase  the  diode  current  under  these 


conditions  by  increasing  the  anode  voltage  led  to  the  current  curves 
of  Figure  22.  Here  the  vertical  scale  is  2  a/div  compared  with 
0.2  a/div  for  Figure  21b,  c.  As  can  be  seen  from  Figure  22b,  c,  the 
current  rises  to  a  large  value  at  a  time  in  the  pulse  that  depends  on 
the  anode  voltage .  The  voltage  across  the  tube  does  not  fall  to  a 
snail  value  immediately  with  this  current  junm,  but  slowly  decreases 
as  the  current  increases.  About  100  [is  after  the  peak  current  has 
been  reached  and  thereafter,  the  voltage  across  the  tube  is  small 
and  the  current  is  determined  only  by  the  circuit  resistance  and 
capacitance.  This  is  a  gas  breakdown  process  which  is  probably  due 
to  the  evaporation  of  tungsten  in  the  form  of  neutral  atoms  and  ions 
from  the  cathode  surface.  After  the  initial  breakdown  the  large 
power  dissipation  at  the  anode  should  produce  intense  surface  heating, 
which  would  evaporate  material  from  the  anode  and  could  contribute 
to  the  formation  of  an  arc.  The  repeatability  of  these  results,  which 
can  he  seen  in  Figure  22a,  is  quite  remarkable. 

These  results  are  interesting  in  that  an  arc  was  formed  in  the 
diode  in  a  controlled  and  repeatable  manner.  More  work  is  required 
to  determine  whether  the  process  is  entirely  dependent  on  the  cathode 
or  whether  the  anode  plays  a  part  in  the  process.  This  may  be  of  use 
in  certain  switching  applications.  It  may  also  prove  interesting 
to  investigate  the  extremely  high-density  plasma  that  must  exist  in 
this  arc.  If  we  assume  no  spreading  of  the  beam  from  the  initial 
0.005  in.  diameter,  then  the  electron  plasma  frequency  at  750  v  is 
7  x  10  cps.  Even  an  order  of  magnitude  less  than  t-his  would  be 
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Figure  22.  Diode  Current  Under  Breakdown  Conditions: 

(a)  Va  ^  750v;  (b)  Va  =  750v,  bOOv,  and 

500v;  (c)  Va  =  750v  and  oOOv. 


-116- 


700  Gc/s.  Present  interest  in  the  generation  of  millimeter  and 
submillimeter  waves  may  make  further  investigation  of  this  plasma  arc 
worth  while. 

C.  SUMMARY  OF  CHARACTERISTICS  OF  DIODE  K2SSI0N 

T/hen  the  cathode  was  irradiated  with  sufficient  laser  energy  to 
bring  the  irradiated  spot  close  to  the  malting  point  of  tungsten, 
repeatable  current  pulses  of  up  to  h$0  a/cm  were  obtained.  Increasing 
the  laser  energy  lead  to  higher  current  densities  that  were  not 
repeatable;  then  increasing  the  voltage  lead  to  breakdown  above  500v 
anode  potential  with  the  current  limited  only  by  the  circuit  resistance 
and  capacitance.  This  breakdown  could,  however,  be  initiated  in  a 
well-controlled  manner. 

o 

Langmuir  and  Jones  data  on  tungsten  is  available  for  temperature 

2 

up  to  3j655°C.  At  this  temperature  the  electron  emission  is  U80  a/cm  , 

i  2 

and  the  atom  emission  is  2.28  x  1C/*  gm/cra  /sec.  This  atom  emission 
corresponds  bo  about  1CT*'  cm/sec and  since  the  ribbon  is  10-^  cm 
thick  the  maximum  lifetime  would  be  100  sec.  There  is  evaporation 
from  both  sides  cf  the  ribbon,  however  which  would  certainly  be 
greater  from  the  irradiated  side  than  the  emission  side.  A  lifetime 
of  10  sec  would  therefore  be  expected.  With  a  duty  ratio  of  0.001, 
this  would  be  increased  bo  about  three  hours,  which  is  very  short, 
in  terras  of  the  lifetime  of  useful  devices.  It  should  not  be  too 
difficult  to  move  the  ribbon  periodically,  however,  exposing  a  new 
portion  of  the  ribbon  to  th9  laser  beam  at  regular  intervals.  In 
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this  way  the  lifetime  could  be  made  very  much  longer.  A  length  of 
about  20  cm  of  ribbon  would  give  a  lifetime  of  30,000  hr.  In  a  device 
that  required  a  very  high  current  density  beam,  this  aoproach  of 
using  a  laser-irradiated  cathode  could  be  very  v/orth  while  in  spite 
of  the  necessity  of  moving  the  ribbon  periodically. 

Ko  attempt  was  made  to  determine  the  lifetime  of  the  ribbon 
experimentally,  since  the  figure  of  10  sec  corresponds  to  10^  pulses. 
Checking  this  in  a  reasonable  length  of  time  would  have  required  a 
laser  that  could  be  pulsed  at  rates  from  several  pulses  per  second  to 
several  tens  of  pulses  per  second.  Although  lasers  that  can  be 
pulsed  at  these  rates  have  been  produced,  the  laser  available  for 
these  experiments  could  be  pulsed  at  a  maximum  rate  of  only  several 
pulses  per  minute. 


IV.  FORMATION  OF  IDNG  BEAMS 


2 

Since  repeatable  electron  emission  of  up  to  about  .'4.50  a/cm 
had  been  obtained  with  the  diode ,  two  s inrole  beam  testers  were 
designed  to  show  that  high  current  density  long  beams  could  be 
produced.  These  are  shown  schematically  in  Figure  23.  Beam  tester 
A  consisted  of  a  tungsten  ribbon  cathode  (as  used  for  the  diode) 
spaced  0.005  in.  from  a  molybdenum  anode.  This  anode  was  0.02  in. 
thick  and  had  a  hole  in  it  of  the  form  shown  in  the  figure.  The 
diameter  of  this  hole  on  the  side  facing  the  cathode  was  0.005  in. 

A  collector  was  placed  behind  the  anode. 

This  simple  gun  produced  a  small-diameter  beam  from  which 
information  was  obtained  on  the  fraction  of  the  beam  that  passed 
through  the  anode  aperture  to  the  collector  and  the  fraction  inter¬ 
cepted  by  the  anode.  No  information  could  be  obtained,  however, 
about  the  behavior  of  the  beam  after  it  passed  through  the  anode. 
Beam  tester  B  was  therefore  built  to  show  that  the  high  current 
density  beam  could  be  passed  throu$i  a  tube  that  had  a  reasonable 
length-to-diameter  ratio.  The  cathode-to-anode  spacing  for  this  tube 
was  again  0.005  in.  and  the  internal  diameter  of  the  anode  drift 
tube  was  0.01  in.  This  tube  was  in  fact  a  stainless  steel  hypodermic 
needle  brazed  into  a  stainless  steel  block.  The  length  of  the  tube 
was  0.15  in.  giving  a  length-to-diameter  ratio  of  15.  V/hen  the  beam 
had  passed  through  the  drift  tube  it  was  collected  with  the  same 
collector  used  for  beam  tester  A. 
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Figure  25.  Laser  Cathode  Beam  Testers 


The  laser  beam  targets  for  the  two  beam  testers  i3  shown  in 
Figure  2U.  The  target  was  viewed  through  the  glass  pert  through 
which  the  laser  beam  enters  the  vacuum  system.  As  Figure  2h  shows, 
the  cathode  ribbon  covers  the  anode  aperture  in  each  case.  There 
was  therefore  a  slight  problem  in  irradiating  the  cathode  so  that  the 
irradiated  area  and  the  center  of  the  anode  aperture  coincided.  Two 
slightly  different  techniques  were  used. 

For  beam  tester  A  the  position  at  which  the  laser  beam  would 
strike  the  target  was  adjusted  by  eye.  This  was  done  by  shining  a 
light  on  the  end  of  the  laser  housing  and  crystal  so  that  an  image 
could  be  seen  on  the  cathode  ribbon.  The  center  of  this  image  was 
made  to  coincide  with  the  target  as  closely  as  could  be  estimated  by 
using  the  telescope  micrometers.  This  set  the  laser  beam  within  a 
few  thousandths  of  an  inch  of  the  required  position.  The  laser  was 
then  fired  with  the  voltages  applied  to  the  tube.  Some  of  the  beam 
passed  through  the  anode  to  the  collector  and  some  was  intercepted 
by  the  anode.  The  laser  beam  was  moved  systematically  about  this 
position  until  the  position  of  minimum  interception  of  the  beam  by 
the  anode  was  found.  Once  this  position  had  been  found,  the  tube  was 
pulsed  with  the  magnetic  field  applied,  and  most  of  the  emitted 
current  passed  through  tho  anode  to  the  collector. 

For  beam  tester  B  the  technique  was  the  same,  except  that  when 
the  tube  was  pulsed  with  no  magnetic  field  applied,  none  of  the 
current  passed  through  the  tube  to  the  collector.  The  0.C1  in. 
diameter  of  the  tube,  which  served  both  as  anode  and  drift  tube. 
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BEAM  TESTER  A 


BEAM  TESTER  B 


Figure  24,  Viev  a£  Laser  Be  sc  Targets. 
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was  large  compared  with  the  anode-to-cathcde  spacing  of  0.00$  in., 
so  that  the  electric  field  at  the  cathode  was  smaller  opposite  the 
center  of  the  tube  than  opposite  the  edges  of  the  tube.  As  the  laser 
beam  was  moved  about  the  cathode  in  small  steps,  the  current  pulse 
decreased  when  the  irradiated  spot  moved  towards  the  center  of  the 
tube.  The  central  position  was  therefore  found  by  finding  the  position 
of  minimum  cathode  current  with  no  magnetic  field  applied.  When  this 
position  had  been  found,  the  laser  was  fired  with  the  magnetic  field 
pulse  applied  to  the  tube  and  most  of  the  emitted  current  then  passed 
through  the  drift  tube  to  the  collector. 

Figure  25  shows  the  maximum  current  pulse  obtained  without  break¬ 
down  for  beam  tester  A.  The  peak  emission  current  was  60  ma  of  which 
50  ma  passed  through  the  anode  to  the  collector,  the  remaining  10  ma 
being  intercepted  by  the  anode.  The  beam  transmission  through  the 
anode  was  therefore  85  per  cent.  This  current  pulse  was  obtained 
with  a  500~v  anode  voltage  and  therefore  the  maximum  beam  perveance 
was  U.5  x  10  .  This  perveance  is  appreciably  higher  than  the 

perveance  of  beams  used  in  most  microwave  device  applications.  The 
current  pulse  shown  in  Figure  25  is  somewhat  jagged.  This  was  found 
to  be  due  to  misalignment  of  the  telescope,  which  resulted  in  some 
of  the  laser  spikes  being  transmitted  by  the  optical  system  with 
less  attenuation  than  others.  The  effect  of  these  spikes  was  thus 
enhanced  and  the  temperature  fluctuations  at  the  cathode  were 
increased,  producing  the  jagged  emission  pulse.  As  a  result  of  this, 
the  method  discussed  in  Section  II  for  aligning  the  system  was  developed. 
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Figure  26  shows  the  result  of  increasing  the  laser  energy  in  an  attempt 
to  obtain  more  emission.  The  current  suddenly  increased  after  it  had 
reached  $0  ma.  This  result  is  exactly  the  same  as  was  observed  for 
the  diode  when  the  laser  energy  was  increased  above  the  level  that 
gave  h$  ma  peak  current.  As  suggested  in  Section  III  on  diode 
experiments,  this  sudden  increase  in  current  probably  coincided  with 
the  melting  of  the  emitting  area. 

Figure  27  shows  the  variation  of  anode  and  collector  currents 
with  anode  voltage.  There  is  an  approximately  three-halves-power 
variation  of  current  with  voltage  up  to  200  v  on  the  anode  above  which 
there  is  little  increase  of  current  ?cth  voltage.  Under  space-charge- 
limited  conditions  there  are  virtually  no  current  fluctuations 
resulting  from  temperature  fluctuations  at  the  cathode.  As  the  anode 
voltage  is  increased  and  the  emission  becomes  temperature  limited,  the 
current  fluctuations  increase  in  magnitude. 

Figure  28  shows  typical  anode  and  collector  current  pulses 
obtained  with  beam  tester  B.  The  peak  current  passing  through  the 
drift  tube  was  30  ma  with  only  2  ma  to  the  drift  tube.  This  corresponds 
to  a  beam  transmission  through  the  drift  tube  of  9k  per  cent.  The 
anode  voltage  was  600  v  and  therefore  the  beam  perveance  was  2.0  x  10  . 

If  uniform  current  density  in  the  beam  and  a  diameter  ratio  of  2  is 
assumed  between  drift  tube  and  beam,  then  Equation  (26)  shows  that 
the  outer  edge  of  the  beam  would  be  a  potential  U.U  percent  or  26  v 
below  that  of  the  drift  tube  and  that  the  axial  electrons  would  be  at 
a  potential  1.6  per  cent  or  9.6  v  below  the  potential  of  the  outer 
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Figure  26.  Current  Pulses  for  Beam  Tester  A  Under 
Breakdown  Conditions.  Upper  Trace  is 
Collector  Current.  Lower  Trace  is  Anode 
Current . 
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electrons »  The  Bri'iloyln  field  for  t?ds  bean  Was  therefore  U>680  gauss* 

5»ban  the  magnetic  fiald  -pas  'pulsed  at  the  Brillouin  value,  most 
of  the  current  tfa 3  intercepted  by  the  tube,  serving  a:  both  anode 
and  drift  tube,  and  only  10  per  cent.  was  transmitted  go’  the  collector. 

Tflft  *a  the  magnetic  field  Was  increased  to  twice  the  S  illouin  field, 
hcfreT«r<s  ihs  high  transmission,  shown  in.  Figure  28  obtained. 

Inc-’ea  h:g  the  magnetic  field,  to  four  times,  the  Srxllouin  field,  that 
is  to  [Af_U  ■)  gauss,  resulted  lor  no  further  change  in  beam  current  or 
beam  transmit- 

From  Squa  "18)  and  (22)  vra  find  that  with  =  Bg  and 

k  -  if:  then  •w>  and  r  /r  ^‘3»0.  Th8  mean  diameter 

of  the  scalloping  beai.  1  therefore  be  d.01  in.,  which  was  the 

diameter  of  the  drift  tube,  and  the  maximum  uiameter  of  the  beam 

would  be  0.015  in.  This  fits  in  well  with  the  fact  that  most  of  the 

current  was  intercepted  by  the  drift  tube  under  these  conditions. 

Increasing  the  magnetic  field  to  2Bn  gives  r  /  r  v  112; 

b  max  min 

therefore  the  maximum  diameter  of  the  beam  would  be  about  0.0055  in. 

This  again  fits  the  experimental  data  that  under  these  conditions  the 
interception  of  the  beam  by  the  drift  tube  was  small,  Further  increase 
in  the  magnetic  field  reduces  the  scallop  ratio  and  therefore  should 
affect  the  interception  only  slightly, if  at  all.  From  this  it  can  bo 
seen  that  the  behavior  of  the  beam  was  as  predicted  theoretically 
and  that  the  required  focusing  field  was  about  10,000  gauss. 

The  effect  of  increasing  the  laser  energy  above  the  value  which 
gave  the  pulse  of  Figure  28  is  shown  in  Figure  29.  The  beam  current 
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>c 


100  us/div 

Figure  29.  Current  Pulses  for  Beam  Tester  B.  Upper  Traces 
are  for  Anode  (and  Drift  Tube) ;  Lower  Traces 
are  for  Collector,  (a)  V&  »  570v,  VQ  *  800v; 

(b)  V&  =  600v,  VQ  -  800v. 
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increased  but  at  some  time  during  the  pulse  there  was  a  sudden  increase 
in  the  collector  current  and  an  equal  and  opposite  change  in  the 
collector  current.  (These  changes  appear  separated  by  30  ps  in 
Figure  29  but  this  is  due  to  one  of  the  traces  being  displaced  with 
respect  to  the  other).  These  discontinuities  are  due  to  a  gas 
discharge  in  the  region  between  these  two  electrodes.  A  discharge  of 
the  Penning  type  is  likely  to  form  fairly  readily  in  this  region 
because  of  the  strong  axial  magnetic  field  and  the  high  current  density 
in  the  main  electron  beam. 
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V.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  aim  of  this  work  was  the  investigation  of  indirect  emission 
from  a  laser-irradiated  tungsten  cathode,  since  it  was  thought  that 
this  would  give  much  smoother  current  pulses  than  those  given  by 
direct  emission.  This  has  been  found  to  be  the  case.  Smooth 
repeatable  current  pulses  of  up  to  h$0  a/cm  have  been  obtained  from 
such  a  cathode  and  it  is  thought  that  these  repeatable  current  pulses 
were  emitted  by  the  cathode  -when  the  temperature  of  the  emitting 
surface  was  below  the  melting  point  of  tungsten.  The  high  current 
density  emission  obtained  when  the  laser  energy  was  increased  above 
the  value  that  gave  the  repeatable  results  has  not  been  studied  in 
any  detail,  mainly  because  breakdown  occurred  very  readily  under  these 
conditions.  Tito  beams  were  formed  using  indirect  emission  from  a 
laser  cathode.  These  beams,  which  were  focused  by  a  pulsed  magnetic 
field,  had  current  densities  up  to  the  repeatable  value  of  1|J>0  a/cm^ 
and  were  of  high  perveance.  High  current  density  beams  produced  in 
this  way  may  find  application  in  the  generation  of  millimeter  waves. 

This  study  of  indirect  emission  from  a  laser  cathode  is  part  of 
a  larger  study  of  the  feasibility  of  producing  high  current  density 
electron  beams  by  irradiating  metals  with  a  laser  beam.  As  pointed 
out  in  the  introduction,  the  laser  pulse  used  for  the  experiments 
consisted  of  about  100  separate  spikes  and  indirect  emission  was  used 
to  average  out  the  effect  of  these  separate  spikes.  Laser  puls.es  can 
now  be  produced,  however,  which  consist  of  a  single  spike  instead  of . 
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a  train  of  spikes.  Pulses  of  this  kind  v;ere  produced  using  the 
technique  of  Q  spoiling.  These  pulses  can  be  produced  with  repeatable 
amplitude  and  length  and  therefore  may  produce  reneatable  electron 
emission  of  very  high  intensity  directly  from  the  irradiated  surface. 
If  this  proved  to  be  the  case,  then  the  beams  produced  may  be  more 
useful  than  those  produced  by  indirect  emission.  The  next  step  in 
this  program  will  therefore  be  a  study  of  electron  emission  from  metal 
surfaces  when  irradiated  by  the  single  pulses  from  a  Q-spoiled  ruby 
laser.  When  this  stage  of  the  program  has  been  completed,  it  will 
be  possible  to  make  a  comparison  of  the  relative  merits  of  the  beams 
produced  by  each  method  and  therefore  to  decide  which  is  the  best 
for  a  particular  device  application. 
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APPENDIX  A,  MAGNETIC-FIELD  FOCUSING  OF  LONG  ELECTRON  BEAMS 

In  order  to  focus  the  high  current  density  beams  produced  by 
emission  from  a  laser  cathode,  it  is  necessary  to  use  a  strong 
magnetic  field.  Two  principal  methods  for  focusing  a  beam  using  a 
magnetic  field  are  Brill ouin  focusing  and  confined  focusing. 

Mien  using  Brillouin  focusing  the  beam  is  injected  from  a 
field-free  region  into  the  focusing  field.  For  confined  focusing 
the  gun  is  immersed  in  the  focusing  field.  Each  method  has  its 
advantages . 

1.  BRILLOUIN  FOCUSING 

Consider  a  beam  of  uniform  current  density  v/ith  no  angular 

variation  of  field  or  beam  parameters.  This  beam  is  injected  from 

a  cathode  at  which  the  magnetic  field  is  B0  into  a  region  in  which 

the  magnetic  field  is  B  . 

z 

The  Lorentz  force  equation  for  an  electron  a  distance  r  from 
the  axis  is 

r  -  r  92  -  -  7}(E  +  B  r  J  )  (3) 

r  a 

» 

vrhere  7^  is  the  charge-to-mass  ratio  for  an  electron,  9  is  the 
angular  rotation  frequency  for  the  electron,  and  E^  is  the  radial 
electric  field  at  a  radius  r.  From  Busch’s  theorem, 

r2  8  -|(Bzr2  -B0r2)  flO 
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r  being  the  distance  of  the  electron  from  the  axis  at  the  cathode, 
o 

The  radial  electric  field  inside  a  beam  of  radius  r„  and  current  I 

d  o 

is  given  by  Gauss's  theorem: 
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The  current  density  in  the  beam  and  the  axial  electron  velocity  U 

o 

are  assumed  to  be  uniform.  The  equation  of  motion  for  an  electron 
at  r  is  therefore 
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(6) 


where  coq  =  (f\/2  )Bq,  the  Larmor  frequency  at  the  cathode  and  co^  =  ^/2)Bz 

the  Larmor  frequency  at  the  electron.  From  this  it  can  be  seen  that 

n 

r  is  a  minimum  for  fixed  values  of  the  other  parameters  ‘when  coq  is 
zero,  that  is  when  there  is  no  magnetic  field  at  the  cathode.  This 
condition  leads  to  the  most  efficient  use  of  the  magnetic  field  and 
mil  therefore  be  assumed  in  the  following  analysis. 

If  r  is  set  equal  to  zero  for  all  electrons,  than  for  nonscalloping 
beam  to  be  produced,  one  condition  required  is 
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and  therefore 
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2Iq _ 

n7?€  oVb 


(7) 


The  value  of  the  magnetic  field  that  satisfies  this  condition  is 
called  the  Brillouin  field  and  is  denoted  Bp  as  indicated.  A  second 
condition  on  the  formation  of  a  nonscalloping  beam  is  that  the  beam 
be  injected  from  the  cathode  region  into  the  uniform  field  region 

t 

such  that  at  the  equilibrium  radius  the  radial  velocity  r  is  zero, 

i  it 

that  is,  so  that  r  =  0  when  r  =  0.  The  injection  conditions  are 
therefore  important  in  the  fomation  of  a  nonscalloping  beam. 

For  an  equilibrium  beam  we  have  from  Equations  (5)  and  (6), 


Integrating  this  gives 


v/here  V&  is  the  potential  on  the  beam  axis.  Now 

'2  »  2  ^ 

(Z)  +  (r9)  *  2?|V 

but  from  Equation  (2),  when 
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6)  —  0, 

O  3 


9  =  \ 


then 

(Z)2  =  27fVa+r2^-r24  -2  7a. 


Therefore 


£  -  /^a  =  uo 


(8) 


and  all  electrons  have  the  same  longitudinal  velocity  uq  corresponding 
to  the  potential  on  the  beam  axis.  This  justifies  our  earlier 
assumption  of  a  single  velocity.  Putting  the  value  for  uQ  in  Equation 
(7)  we  finally  obtain 
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A  beam  which  satisfies  Equation  (7)  and  has  been  injected  so  that 
r  *  0  '.Then  r**  0  is  therefore  one  which  does  not  scallop  and  in 
which  all  the  electrons  have  the  same  longitudinal  velocity  uQ  and 
the  same  rotation  frequency  co^*  Such  a  beam  is  called  a  Brillouin 
bean. 


2 .  COIiFINED  FLON 

Consider  now  the  case  vhere  the  cathode  is  immersed  in  a  uriform 

field  B  ,  so  that  B  -  3  .  Then  from  Equation  (6)  with  co  =  co  , 

Z  J  Z  O  Jj 
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From  this,  the  equilibrium  condition  for  an  electron,  by  patting 
0,  is 


where  r*  is  the  equilibrium  radius  for  this  electron.  From  Gauss *s 
theorem, 

1 

r  2sfr 
o 

where  <T  (r)  is  the  charge  density  in  the  beam  which  may  vary  with  r. 
Also 
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0"(r)  2nrdr 


<T  (r)  = 


J(r) 

*(r) 


inhere  J(r)  is  the  current  density  and  u(r)  is  the  electron  velocity; 
therefore 
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In  the  analysis  of  Brill  on  in  flew  it  was  assumed  that  the  beaa 
was  of  uniform  current  density  and  single  velocity  so  that  It  had  a 
uniform  charge  density.  It  was  then  shown  that  under  conditions  of 
Brillonin  flow  these  assumptions  were  valid. 

For  confined  flow  however,  it  is  not  possible  to  produce  a 
single-velocity  bean.  The  single-velocipy  beaa  of  Brillooin  flew  is 
due  to  the  ccdbined  effects  of  space-charge  depression  and  beaa 
rotation.  The  potential  increases  away  from  the  center  of  the  beaa, 
but  this  increase  in  potential  is  exactly  compensated  for  by  an  equal 


increase  in  rotational  energy  for  all  electrons,  so  that  the 
longitudinal  energy  reaains  constant.  For  confined  flow  there  is 
less  rotation  of  the  bean,  and  the  axial  electrons  travel  core  slowly 
than  the  cater  electrons  by  an  amount  that  depends  on  the  potential 
depression. 

Therefore  an  effective  electron  velocity  u  (r)  can  be  defined  by 
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where  I(r)  is  the  ccreat  within  a  radius  r.  Cozbininj-  Equations 
(21),  (12),  and  (13) gives 


2  = 
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l(- ) 


I(r) 


2n  60*e(r)r  2»  C0^  V*> 
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Equation  (10)  then 
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Following  Pierce,  jiet 


(17) 


Equation  (16)  then  becomes 


for  which  the  solution  is 

iy  ■  [(k2+i)+kJ1/2  • 

For  usable  electron  beans  r/r  ^  1  is  required;  the  refer  e  k  -*.-*1,  so 


s— 1  +  £ 


17e  are  essentially  concerned  with  determining  the  shape  of  the  beam 
envelope.  Let  r^  be  the  equilibrium  radius  of  the  beam  and  r^Q  the 
radius  of  the  beam  at  the  cathode;  therefore  from  Equations  (17)  and 


2  7?  e07|3'2  *  ve 


As  B  increases  for  a  given  cathode  current  density  and  beam  voltage, 
z 

r^  tends  to  r^  ,  that  is  with  increasing  magnetic  field  the  electrons 
are  constrained  more  and  more  to  remain  at  the  radius  at  which  they 


left  the  cathode. 


Now  consider  the  ripple  on  the  beam.  Let 


rb  “  rb  (1  +  <5  (t) 


From  Equations  (10)  and  (11) 
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therefore 
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Now 


and  if  6  is  assumed  small,  l/ (1  +  (5)^  can  be  expanded  in  Equation 
(20)  to  obtain 


- 

I 

1  +  3 

bo  j 

_ 

i*n  j 

The  solution  to  this  equation  is 


(5  =  cos  a  MjJ;  +  sin  a  c^t, 


where 


** 

1  \!*1 

1+3 

lrbo 

a  = 

1— 

K  1 J 

1/2 


At  the  cathode  t  =  0,  r  =  r  ,  and  d(5/dt  =  0;  therefore, 

b  bo 


<5 - 


cos 


(a  c^t) 


and 


rb  '  rb  +  (rb  "  rbo)  005  (a  V>  • 
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The  electron  beam  envelope  is  therefore  given  by 


rb«-  +(rb  -rbo)  cos 


“t 


u 


where  u  is  the  velocity  of  the  electrons.  This  beam  envelope  is 
shown  in  Figure  30. 


UNIFORM  MAGNETIC  FIELD,  BZ 


aui 


Figure  30.  Beam  Envelope  for  Uniform  Field  Confined  Flow. 


The  minimum  beam  diameter  is  r,  and  the  noximum  diameter  is 

bo 

2  r!  -  r  :  from  Equation  (21)  therefore, 
t>  bo 


r 

max 

r  . 
min 


=  1  +  k 


In  order  to  compare  this  focusing  with  the  Brillouin  focusing 
discussed,  express  k  in  terms  of  Bg 
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With  the  beam  radius  equal  to  that  of  the  Brillouin  beam,  r^,  and 
with  the  effective  beam  voltage  V  ,  equal  to  the  voltage  on  the  axis 
of  the  Brillouin  beam,  one  obtains 


rgax 

rmin 


(22) 


If  in 

Equation  (22)  =2Bg  ,  then  r njax/rmin  “  1*12.  A  magnetic  field 
with  double  the  Brillouin  field  strength  therefore  gives  a  beam 
with  only  12  per  cent  scallop  and  a  mean  diameter  only  6  per  cent 
greater  than  the  diameter  at  the  cathode. 

It  is  now  possible  to  compare  the  two  methods  of  focusing, 
Brillouin  focusing  gives  a  single-velocity  beam  with  zero  scallop 
and  requires  the  minimum  magnetic  field  to  focus  a  given  beam.  It 
is  necessary,  however,  to  shield  the  cathode  from  the  magnetic  field 
and  to  design  the  gun  so  that  the  beam  is  injected  into  the  magnetic 
field  with  tha  appropriate  radius.  Confined  focusing  produces  a 
beam  in  which  the  axial  electrons  travel  more  slowly  than  the  outer 
electrons  and  in  which  there  is  always  some  scalloping.  A  confined 
flow  gun  can  be  extremely  simple,  however,  since  there  is  no  problem 
of  injecting  the  beam  into  the  magnetic  field,  and  by  increasing  the 
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field  to  only  double  the  Brillouin  value,  an  acceptable  scallop  ratio 
is  obtained.  A  further  important  point  is  that  for  confined  flow 
the  stronger  the  magnetic  field  the  better  the  focusing,  and  therefore 
the  value  of  the  magnetic  field  is  not  critical.  For  Brillouin  flow 
on  the  other  hand,  the  value  of  the  magnetic  field  is  critical.  If 
the  field  is  increased  above  the  Brillouin  value  with  the  same 
injection  conditions,  these  injection  conditions  will  be  unsuitable 
and  the  beam  may  scallop  more  than  a  confined  flow  beam  with  the  same 
magnetic  field.  Also  for  Brillouin  focusing,  when  B  is  greater  than 
Bg,  the  outer  electrons  travel  more  slowly  than  those  on  the  beam 
axis  and  in  an  extreme  case  these  electrons  can  stop  altogether  and 
turn  back.  For  these  reasons  and  because  very  strong  magnetic  fields 
generated  on  a  pulsed  basis  were  available,  confined-flow  focusing 
was  adopted.  This  allowed  the  use  of  a  very  simple  gun  with  which 
beams  with  a  wide  range  of  currents  and  voltages  could  be  readily 
focused.  Putting  some  numerical  values  into  Equation  (9)  gives 

1/2 
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V1^  r 


B_  =  8.3  x  10’ 
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,-il  Jo 


(23) 


and 


B, 
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tl/3  1/6 
8.3  x  10"“  0 


,-U  p 
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where  the  perveance  p  is  defined  by 


p'  im.  • 


-145- 


The  total  current  I  is  simply  given  by 

o 

I0  *  nr2, J  (25) 

where  J  is  the  current  density. 

Equations  (23),  (24)  and  (25)  are  plotted  in  Figure  31  for  a 
value  of  r  ■  0.0025  in.-  Equation  (23)  is  plotted  for  several  values 
of  V  and  Equation  (24)  is  plotted  for  several  values  of  p. 

fit 

For  a  confined-flow  beam  in  an  infinite  magnetic  field,  the 

-6 

maximum  theoretical  perveance  is  32*5  x  10  .  When  this  perveance 

is  reached,  the  potential  on  the  beam  axis  reaches  an  unstable  value 

-6 

at  which  it  drops  abruptly  to  zero.  The  p  ■  32.5  x  10  line  of 
Figure  31  therefore  represents  the  maximum  value  that  can  be  achieved 
theoretically.  In  practice  for  a  solid  beam  it  would  not  be  desirable 
to  use  a  perveance  much  greater  than  about  5  because  of  the  velocity 
spread  in  the  beam.  The  repeatable  current  densities  achieved  with 
indirect  omission  were  about  450  a/cm2  corresponding  to  a  current  of 
50  ma.  At  perveance  5  x  10"6  the  Brillouin  field  for  this  beam  is 
6,000  gauss  and  therefore  a  field  of  twice  this  strength  is  12,000 
gauss.  With  a  pulsed  magnet,  a  field  of  70  kgauss  was  easily  produced 

so  there  was  no  problem  in  focusing  this  beam.  With  this  magnetic 

-6 

field  and  beam  radius  and  a  perveance  value  of  5  x  10  ,  it  should 

be  possible  to  focus  a  beam  of  7  a  at  10  kv.  The  current  density  in 
this  beam  would  bo  6  x  10^  a/cm2.  Current  densities  approaching  this 
value  have  been  obtained  using  direct  emission.  Such  a  beam,  if  it 
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could  b«  achieved,  would  nave  a  poirer  cf  70  lor  and  would  therefore 
be  axtreaely  useful  in  generating  millimeter  waves  at  high  powers. 
Sanation  (23)  shews  that  for  constant  voltage,  Bg  is  proportional 
to  the  square  root  of  the  bean  current  density.  By  increasing  the 
teas  ciane ter  therefore,  even  larger  currents  could  be  focused  using 
this  stagset  Held.  These  figures  illustrate  clearly  that  using  a 
pulsed  magnetic  field  of  70  k  gauss  it  should  be  possible  to  focus 
beans  with  currant  densities  -very  such  larger  than  have  been  achieved 
using  indirect  emission  and  larger  even  than  those  which  have  bean 
achieved  using  direct  emission. 

3-  KJTSrriAL  DEPRESSION  HESUETHfG  FRC2£  SPACE  CHARGE 

For  a  cylindrical  bean  of  uni  fora  current  density  J  and  radius 
ra  t»™u=s  tfcrongh  a  Mtal  cylinder  of  radios  r<>  at  a  potential 
the  potential  on  a  diameter  is  of  the  form  shewn  in  Figure  32. 

It  can  readily  be  shewn  that  outside  the  bean,  the  potential  is 
given  by 


V 
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*  V  - 
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P  VD  log 


and  inside  the  beam  the  potential  is  given  by 
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For  beam  taster  3  a?  tee  eaperinenis. 


(r ^/r^)  =  2;  tberafora 


3-16  x 


ICT4 


p  log  2  =  2.19  x  10  p 
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(26) 


—  3-26  x  10  f 


.79  x 


„  h 

10  p 


(27) 


Da  this  case  therefore  the  potential  depression  fron  the  snails  of 
the  tube  to  the  bean  was  nearly  three  tiaes  the  depression  inside 
of  the  bean. 

Fron  Table  1  it  can  be  seen  that  a  bean  of  perreance  $  has 
only  a  k  per  cent  change  of  voltage  froa  the  axis  to  the  outer  edge. 
Corresponding  to  this  voltage  range  there  would  be  a  2  per*  cent 
spread  in  velocities.  The  potential  at  the  outer  edge  of  such  & 
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beam  aradd  be  32  per  cert  feslcw  that  of  toe  drift  tab*.  With  a 
ballc®  tea a,  tea  Tslccitr  spread  for  a  gfrao  T2l2«  cf  pemexm  cm 
be  caosidergbly  reduced.  “Sbe  potential  drop  frem  the  drift  babe  to 
the  bean  cars  also  be  rads  sasH  by  Soseplr^  the  beaa  dose  to  the 
drift  tabs  '■alls. 
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1-  ■SESCEI 

The  tragical  properties  of  a  metal  of  interest  are* 

a.  The  fraction  of  tbs  incident  light  absorbed,  2-2,  Tubers  2 
is  the  reflection  coefficient  amd  is  a  ftassfcica  of  the  angle  of 
incidence,  the  polarisation  of  tbs  list,  and  the  freeaency  e. 

b.  The  characteristic  absorption  depth  cr  skin  depth  5  in 
v&icb  the  eiivjjtroaegaetic  fields  fall  to  l/e  of  their  -sales  at  the 
interface. 

c.  The  photoelectric  current  expected  for  a  given  radiation 
intensity. 

Properties  a  and  b,  which  are  relevant  to  the  heating  of  the  surface 
and  theraacaic  amission  are  the  rain  topics  dealt  -with  in  this 
section,  and  only  a  few  concent s  relevant  to  photoelectric  current 

are  aace. 

In  the  most  elementary  treatment  of  the  optical  properties  of 

10,11 

a  netal,  a  macroscopic  nodel  is  used.  The  electromagnetic 

radiation  is  considered  incident  on  an  isotropic  medium  characterized 
by  a  complex  refractive  index  H,  or  by  what  is  equivalent,  a  complex 
dielectric  constant  then 

K  =  n  +ik 

and 

£  =  fl  +  1  f2 
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where  n  is  the  real  refractive  index,  k  is  the  extinction  coefficient, 

is  the  real  and  £"  the  imaginary  part  of  the  complex  dielectric 
constant.  The  propagation  in  the  medium  of  a  plane  electromagnetic 
•wave  of  frequency  to  and  amplitude  E  is  described  byi 
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The  skin  depth  and  reflection  coefficient  are  related  to  n  and  k  as 
fellows X 


R  = 


2  2 
(n-1)  +  k 

2  2 

(nftr  +  k 


(29) 

(30) 


Equation  (29)  follows  directly  from  Equation  (28)  and  Equation  (30) 
is  obtained  from  the  condition  of  continuity  of  the  tangential 
component  of  E  and  the  normal  component  of  H  at  the  vacuum-metal 
interface.  By  applying  Maxwell’s  equations  to  the  metal,  n  and  k 
can  be  related  to  the  macroscopic  properties  of  the  metal;  that  is, 
to  <j“Q,  the  d-c  electrical  conductivity,  \i  the  magnetic  susceptibility 
(which  is  taken  to  be  one  for  nonmagnetic  materials),  and  £  the 
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dielectric  constant.  This  gives 


<rnv- 


P  +if  •(n2-k2)+  i2nk  *  \l  £  +  i 
12  co£ 


Equating  real  and  imaginary  parts  gives 


2  2  r-  -t 

n  -  k  =  pt  -  1 


2nk  = 


For  frequencies  for  vfoich  this  approximation  is  valid  and  for  metallic 
conductivities, 
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and  therefore 
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These  are  the  classical  relationships  found  to  be  valid  for  aetals 

_3 

for  wavelengths  up  to  10  ca,  that  is  up  to  the  far  infrared. 

If  they  are  applied  to  tungsten  at  about  room  temperature  for  the 
radiation  from  a  ruby  laser,  the  following  values  are  obtained  t 

n  -  k  -  20.U 

<5  =  SUM  *° 

R  »  0.9 

The  radiation,  of  which  90  per  cent  is  reflected,  is  absorbed  in  a 
depth  of  £U.5°A:  that  is,  a  few  tens  of  atonic  layers;  and  the 
wavelength  in  the  metal  is  3f>0°A  compared  with  7,000  A  for  free  space. 

These  values  for  tungsten  have  previously  been  used  to  calculate 
the  thermal  response  of  the  metal  to  laser  irradiation  and  fortunately 
are  of  the  rigfrt  order  of  magnitude,  although  the  theory  is  not  valid 
at  this  high  frequency.  In  order  to  see  why  the  theory  is  not  valid 
it  is  necessary  to  consider  the  microscopic  model  of  a  metal  and  the 
processes  involved  in  the  interaction  of  radiation  with  the  metal. 

The  metal  consists  of  a  regular  array  of  atomic  cores;  which 
are  the  atomic  nuclei  with  their  inner  electron  shells.  One  or  more 
of  the  electrons  of  the  outer  shells  of  each  atom  are  virtually  free 
to  move  through  the  metal  and  form  an  electron  ”gas.n  By  neglecting 
the  interaction  of  these  electrons  with  each  other  and  considering 
the  electrons  to  be  in  states  described  by  wave  functions  that  have 
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t he  space  periodicity  cf  the  lattice  (Bloch  -waves),  each  electronic 
state  can  be  characterized  by  a  -wave  vector  h  la  the  periodic 
potential  of  the  lattice,  it  is  found  that  only  certain  energy  bands 
are  available  to  the  electrons,  and  between  are  energy  gaps  or 
forbidden  tends.  Electronic  wave  functions  with  the  periodicity  of 
the  lattice  are  not  scattered  -by  lattice  centers  in  their  equilibrium 
positions  and  therefore  energy  cannot  be  transferred  frcn  the  lattice 
to  the  electrons  or  vice  versa.  It  is  only  when  the  lattice  centers 
are  disturbed  iron  their  equilibrium  position  that  they  can  scatter 
electrons,  ana  they  are  disturbed  from  equilibrium  only  when  excited 
into  one  of  the  quantised  oscillator  states.  The  electrons  therefore 
interact  only  with  the  excitations  of  the  lattice,  these  excitations 
being  called  phonons.  "When  an  electron  interacts  with  a  phonon  there 
is  a  transfer  energy  h  V  either  from  phonon  to  electron  or  vict,  versa; 
electrons  cannot  make  elastic  collisions  with  phonons,  we  near  consider 
the  interactions  of  quantized  radiation,  i.e.,  photons,  with  the 
electron-phonon  system. 

When  a  photon  and  electron  "collide,"  the  electron  is  excited 
to  a  higher  energy  state  in  a  quantum  jump  and  the  photon  is  annihilated 
only  if  empty  states  are  available  at  the  appropriate  level  into  which 
the  electron  can  be  excited.  Another  condition  on  this  excitation  is 
that,  in  the  so-called  reduced  k  space,  k  ■  k  ,  or  in  other  words, 

Ak  s  o.  This  is  an  expression  of  the  conservation  of  momentum  (the 
momentum  of  the  photon  is  negligible  compared  with  that  of  the  electron) 
and  restricts  the  electrons  to  jumping  only  between  states  in  different 


bands  with  the  same  value  of  wave  vector# 

For  a  simple  photon-electron  collision  therefore,  only  interband 
excitations  are  allowed;  intraband  excitations,  that  is  excitations 
between  states  in  the  sane  band,  are  forbidden.  For  a  system  in  which 
the  bands  do  not  overlap  or  for  which  there  is  a  gap  between  the 
highest  occupied  level  in  one  band  and  the  lowest  unoccupied  level  in 
the  next  band,  there  must  be  a  threshold  frequency  for  this  process. 

This  is  in  fact  the  c  se  for  all  metals.  In  order  to  explain  absorption 
of  radiation  at  low  frequencies,  therefore,  we  need  to  look  at  another 
process,  that  of  the  simultaneous  interaction  of  a  photon,  an  electron, 
and  a  phonon.  In  this  interaction,  momentum  is  conserved  without  the 
restriction  Ak  *  0,  so  that  intraband  transitions  are  possible  if 
appropriate  electronic  states  are  available  into  which  the  electrons 
can  be  excited.  Simultaneous  interaction  of  a  photon  and  an  electron 
with  the  surface  potential  barrier  also  allows  intraband  excitations. 
Saving  been  excited,  an  electron  may,  if  it  has  gain  sufficient  energy 
and  is  close  to  the  surface,  escape  from  the  metal.  This  is  the 
photoelectric  effect.  All  other  excited  electrons  undergo  interactions 
with  the  phonons  giving  up  their  energy  to  the  lattice  until  the 
electron  and  phonon  gases  are  in  thermal  equilibrium.  Another  possible 
process  is  the  collision  of  the  excited  electrons  with  other  electrons 
with  the  transfer  of  a  much  larger  fraction  of  their  excitation  energy 
per  collision  than  for  collisions  with  phonons.  Electrons  close  to 
the  Fermi  surface  can  only  exchange  energy  with  a  few  other  electrons 
which  are  also  close  to  this  surface  and  therefore  in  general  (for 
example  at  low  frequencies  and  especially  for  d-c  conductivity 
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calculations)  the  electron-electron  mean-free  paths  are  long  compared 
•with  electron-phonon  mean-free  paths.  However  an  electron  in  a  highly 
excited  state  can  interact  with  mapy  other  electrons,  since  it  can 
raise  these  above  the  Fermi  level  in  a  collision,  that  is  to  an  energy 
region  where  there  are  many  unoccupied  states.  Hence  the  mean-free 
path  fcr  highly  excited  electrons  is  very  much  less  than  for  electrons 
near  the  Fermi  surface,  and  electron-electron  collisions  become  an 
important  process  of  energy  exchange  for  these  electrons.  It  is 
possible  that  electron-electron  collisions  are  more  powerful  in 
preventing  highly  excited  electrons  from  escaping  from  inside  the 
metal  near  the  surface  than  the  electron  -  phonon  collisions,  ifcich 
are  nearly  elastic. 

Two  other  possible  processes  are  of  interest. 

1.  The  interaction  of  two  photons  simultaneously  with  an  electron 
and  either  a  phonon  or  the  potential  barrier  at  the  surface;  this 
would  make  possible  photoelectric  emission  for  incident  frequencies 
lower  than  the  normal  photoelectric  threshold,  so  long  as  the  frequency 
was  more  than  half  the  normal  threshold  value. 

2.  Interaction  of  a  photon  and  a  phonon  with  an  electron  that 
had  been  excited  to  a  higher  level  and  had  not  undergone  sufficient 
collisions  to  return  it  to  an  equilibrium  state.  This  could  influence 
photoelectric  emission  as  in  process  1. 

The  probability  of  process  1  taking  place  is  proportional  to 
the  square  of  the  incident  phonon  flux  or  the  square  of  the  radiation 
intensity  and  is  therefore  possibly  of  interest  in  the  radiation 
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intensities  achievable  with  a  pulsed  ruby  laser.  Process  2  is  also 
proportional  to  the  square  of  the  incident  photon  flux.  In  the  very 
high  temperatures  produced  by  laser  irradiation,  there  may  also  be 
sufficient  high-energy  electrons  on  the  tail  of  the  Fermi  distribution 
to  give  appreciable  photoelectric  emission.  Under  the  conditions  of 
high  temperature  created  by  laser  irradiation,  it  is  difficult  to 
see  how  photoelectric  and  thermionic  emission  could  he  differentiated 
experimentally* 

In  order  to  calculate  the  optical  properties  of  a  metal  it  is 
necessary  to  calculate  the  probability  of  the  various  possible  processes 
described  above  using  simplified  models.  For  the  relatively  simple 
alkali  metals  of  the  noble  metals  which  do  not  have  the  Fermi  surface 
in  an  overlapping  band  structure,  much  of  this  has  been  done  and  good 
experimental  agreement  has  been  achieved.  For  other  icotals,  however, 
most  of  which  have  an  overlapping  band  structure  (as  does  tungsten), 
the  problem  is  even  more  complex  and  had  not  been  solved. 

Although  the  full  quantum  mechanical  problem  has  not  been 
solved,  a  useful  method  i3  the  semi-classical  approach.  In  its 
simplest  form,  this  gives  good  agreement  with  theory  for  the  noble 
and  alkali  metals,  but  not  for  more  complex  metals.  By  extending 
it  in  a  somewhat  empirical  way,  however,  the  model  used  can  be  made 
to  fit  these  other  metals. 

Following  Drude  12  the  electrons  in  the  metal  are  assumed  to 
be  free  and  to  have  a  mean  collision  time  T  with  the  lattice.  The 
electrons  are  accelerated  in  the  incident  electromagnetic  field 
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and  give  up  the  energy  they  have  gained  in  colliding  with  the  lattice. 
The  equation  of  notion  is 

at  a  r 

If  I  depends  on  the  tiae  as  a  solution  of  this  is 
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e  S 
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Hence  the  current  density  is 
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The  first  term  is  the  conduction  current,  the  second  the  displacement 
current;  therefore 
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1+  /f2 

Unr<T 

1_  rr^  ' 
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Therefore  far 


ecf  *-^1,  rr  - 

o 

indicating  that  the  classical  -theory  given  earlier  is  valid. 

In  order  to  sake  this  nscel  fit  the  experimental  values  of  the 
measured  optical  properties  for  tungsten  and  nickel  over  the  wavelength 

13 

range  0.365  p  to  2.65  p  Roberts,  following  Brude,  assumed  not  Just 
one  class  of  free  electrons  but  two,  each  with  a  different  relaxation 
tine.  This  is  a  somewhat  empirical  extension  of  the  theory  and  Roberts 
does  not  attempt  to  fit  the  second  group  of  electrons  to  any  excitation 
process  in  the  natal.  The  first  group  having  the  longest  relaxation 
time,  are  mainly  responsible  for  the  d-c  and  low-frequency 
conductivity  of  the  metalj  the  second  group,  having  a  relaxation  time 
more  than  an  order  of  magnitude  less  than  the  first  group,  make 
significant  contribution  to  the  conductivity  only  at  high  frequencies 
(infrared  and  optical).  Perhaps  the  Jhort  relaxation  time  of  the 
second  group  of  electrons  is  due  to  electron-electron  collisions, 
which  become  important  only  for  highly  excited  electrons  and  therefore 
for  high  frequencies.  For  these  highly  excited  electrons  the  m uz-n- 
free  path  should  be  of  the  order  of  the  interatomic  spacing  lU,  which 
is  of  an  order  of  magnitude  that  agrees  with  Robert's  data. 

2.  EXPERIMENTAL  DATA 

Since  we  are  concerned  with  the  reflection  and  absorption  of 
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radiatico  at  a  surface,  the  ccrditiccs  at  tee  surface  are,  frees  tea 
eaperiacntal  point  of  vie*'  very  important.  •Stbeot  care  its  resiles 
can  be  acre  dependent  cn  tbe  surface  than  cn  tbs  bdlSr  nssial-  A 
polished  surface,  far  example,  has  besn  shcao  to  consist  d  a  layer 
of  amorphous  material  a  few  Angstrom  emits  thick  belcar  which  is  a 
gjcrocrjrs  Sailing  layer  that  can  b«  up  to  several  hundred  Angstrom 
naiis  thick;  that  is,  thicker  than  the  skin  depth*  She  lack  of  order 
in  the  araorphous  layer  and  the  nary  crystal  boundaries  in  ihs  macro¬ 
crystalline  layer  profoundly  affect  the  optical  properties. 

The  nost  Important  data  available  for  tungsten  is  that  of 
Roberts  who  used  tungsten,  recrystalllzed  by  hating  in  a  vacuums 
and  then  chemically  etched.  Fron  Roberts*  data,  plotted  in  the  form 
of  carves  of  the  real  and  i  naginary  part  of  the  dielectric  constant 
obtained  by  neasuring  the  reflection  coefficient  as  a  function  of 
angle  of  incidence  for  light  polarized  perpendicular  and  parallel 
to  the  surface, 

i  a 

k  *  k  -  ik 
fk  =  n  -  ik 


therefore 

k'  -  n2  -  k2  =  €‘i 

It  /* 

k  *  2nk  =  c 


From  these  are  obtained 
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sin  $f2 


wterm 
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At  a  vrsveilangta  cf  0. 7|i  tfee  valses  obtained  sr® 


k* 


=  6 
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-which  vary  little  vita  iemperatar®  over  the  nezsered  range.  2r cm 
these  are  obtained 


n  *  Ji.O  k  *  3»lii 

6=  360  A 


R  -  0.56 


1  -  R  *  O.Ul 


Therefore  lilt  per  cent  of  the  incident  radiation  is  absorbed  in  a 
layer  of  depth  360  %3  and  the  wavelength  in  the  metal  is  0.17  P 
compared  with  a  free-spaee  wavelength  of  0.7p. 
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It  is  sotmsrttj  that  for  ligjit  polarized  parallel  to  pl^ra 
of  incidence,  aggrasai  gssscpS&B  does  sot  cocas  at  ncmal  incidence 


feci  Zw  sane  other  angle  ^  cgllwri  the  principal  sngle  of  incidence, 
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iaa  0  =  a  (1  ♦k2)1^2 


■shsre  2^  is  the  reflection  coefficient,  si  the  principal  angla  of 
incidence.  For  tnsgsien  these  girs 


0  =  85° 
a  *  o.3 

p 

(l-2?)  -  0.7 

Fear  plane  polarized  light  incident  on  a  tungsten  surface  at  the 
principal  angle  of  incidence  of  85° ^  the  absorption  coefficient  is 
therefore  0.7.  This  is  significantly  higher  than  the  absorption 


coefficient  for  normal  incidence 


AH5J32  C.  C0»>IIJSHA7I0;S  0?  LASER  HEQHIR32NTS 


The  energy  required  to  melt  a  0.0Q5  in.  diameter  region  of  the 
0.000?  in.  ehicSr  tungsten  ribbon  is  2.5  mill i joules.  Assuming  an 
sbsorbtion  coefficient  of  h5  per  cent ,  gives  a  required  incident 
energy  of  5-5  siHijoales.  This  figure  is  a  factor  of  leP  less  than 
was  available  from  the  laser  used  for  the  experiments.  In  any 
application  it  would  be  desirable  to  use  a  laser  that  gave  the  required 
energy  with  maximum  efficiency.  This  -would  involve  working  well 
above  threshold,  therefore  a  small  ruby  crystal  of  approximately  one 
thousandth  the  volume  o*.‘  the  present  laser  would  be  required;  that 
is,  a  crystal  with  a  length  of  0.6  in.  long  and  a  diameter  of 
0.025  in.  if  the  present  crystal  were  scaled  by  a  factor  of  ten  on 
all  dimensions.  The  reduction  would  increase  th©  surf  ace- to-volume 
ratio  by'  a  factor  of  ten,  thus  easing  the  cooling  problem.  If  this 
small  laser  could  be  made  to  have  the  same  efficiency  as  the  present 
laser,  the  required  energy  into  the  pumping  lamp  would  be  about  1.6 
joules  per  pulse.  If  the  laser  were  operated  at  $0  pulses  per 
second,  the  average  lamp  power  would  be  about  80  w.  It  should  there¬ 
fore  be  possible  to  design  a  small  compact  laser  head  and  power 
supply  to  satisfy  these  requirements.  The  estimated  crystal  size 
quoted  above  is  close  to  that  used  by  Nelson  and  Boyle  ^  to  produce 
a  continuous  ruby  laser.  So  far  ruby  laser  design  has  mainly  been 
aimed  at  producing  more  powerful  and  efficient  lasers.  The  design  of 
a  low-energy  laser  would  provide  an  interesting  departure  from  this 
trend. 
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